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Halogenier te organische Verbindungen finden vielfält ig Verwendung in  unserem 
Alltag, doch  sind häufig toxisch  oder  kanzerogen und nur  schwer  abbaubar , wodurch 
sie sich  im letzten  J ahrhunder t  weltweit  verbreitet  haben. Organohalid-a tmende 
Bakter ien  sind uner lässlich  für  den  Abbau halogenier ter  organischer  Verbindungen. 
Vorraussetzung für  deren  Einsa tz bei der  Bioremedia t ion  kontaminier ter  Flächen ist  
jedoch das Wissen  um die biochemischen  Grundlagen der  Organohalida tmung. 
Klassische biochemische Ver fahren  lassen  sich  jedoch nur  bedingt  auf die oft  
langsam wachsenden, sauerstoffempfindlichen  Organismen anwenden . Deshalb 
kamen in  den  letzten  J ahren  vermehr t  Genomik -, Transkr iptomik- und 
Proteomikmethoden an  Organohalid-a tmenden Bakter ien  zum Einsa tz, deren 
Ergebnisse im Rahmen dieser  Arbeit  einer  gemeinsamen erneuten  Analyse 
unterzogen wurden. Weiterh in  wurden bestehende Proteomiktechniken 
weiterentwickelt  und mit  der  Analyse von Proteinacetylierungen, bedeutenden 
post t ransla t ionalen  Modifika t ion en , sowie der  Proteinschmelztemperaturanalyse an 
S ulfurospirillum  spp. kombinier t . Hierbei konnten  Belege für  eine Beteiligung von 
Acetylierungen des Zweikomponentensystems bei der  Kont rolle der  
Langzeit regula t ion  des Organohalida tmungsappara tes  gesammelt  werden. Die 
Analyse der  Proteinschmelztempera turen  unter  Einfluss von Tr ich lorethen  konnte 
die Bedeutung des Zweikomponentensystems nachweisen  und könnte in  Zukunft  die 
noch  weitaus unbekannten  Subst ra t spezifit äten  verschiedener  redukt iver  
Dehalogenasen  aufklären . Zusammenfassend konnte in  der  vor liegenden Arbeit  das 
Methodenspekt rum für  Organohalid-a tmende Bakter ien  substanziell erweiter t  und 
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Organohalides have been  abundant ly u t ilized as pest icides and in  indust r ial 
processes for  the past  100 years, with  over  30 000 sites in  Europe st ill being 
contaminated today. Because of their  reca lcit rance, la rge quant it ies have 
accumula ted in  soils, sediments, and groundwater . Many organohalides can  cause 
mult iple adverse health  effect s, including neurologica l damage , congenita l 
malformat ions, and a  var iety of human cancers. For tunately, bacter ial genera  from a 
diverse range of phyla a re capable of detoxifying these organohalides via  anaerobic 
respira t ion , i.e., by using them as their  t erminal elect ron  acceptor . These metabolic 
pa thways involve a  reduct ive dehalogenat ion  react ion , dur ing which a  ch lor ine atom 
dissocia tes and thereby either  immedia tely reduces the toxicity of the organohalide, 
or  enables it  to be fur ther  degraded by a  broader  range of organisms. Thus, 
organohalide-respir ing bacter ia  can  be used for  the bioremediat ion  of contaminated 
environments. To be able to suppor t  th is applica t ion , fundamenta l research  on  these 
react ions and the metabolism of organohalide-respir ing bacter ia  is a  prerequisite.  
Many aspect s of the physiology of organohalide-respir ing bacter ia  a re unresolved. 
Organohalide-respir ing bacter ia  harbor  up to 38 reduct ive dehalogenase homologous 
genes, which  puta t ively encode the key enzymes of reduct ive dehalogenat ion. 
However , the regula t ion , protein -coding ability, the funct ion  of these enzymes as 
well as their  in teract ions with  other  proteins has yet  to be elucida ted. Organohalide-
respir ing bacter ia  are difficult  to study due to their  slow growth , low biomass yields, 
oxygen sensit ivity and genet ic inaccessibility. The a im of th is thesis was to 
circumvent  these obstacles by in t roducing new methods for  studying organohalide 
respira t ion  and thereby enabling the formula t ion  of informed predict ions about  the 
funct ions of reduct ive dehalogenases and the ident ity of their  regula tors . For  th is, 






To form a  basis of the cur rent  research in  the field, a ll ava ilable genomic, 
t ranscr iptomic and proteomic lit era ture on  organohalide-respir ing bacter ia  were 
reviewed and compared. Through combin ing quant ita t ive expression  da ta  of 
hundreds of or thologs and subject ing them to sta t ist ica l ana lyses, many new aspects 
of the metabolism of organohalide-respir ing bacter ia  were uncovered. Especia lly 
notable were the unclear  expression  pa t terns of reduct ive dehalogenases and their  
accessory proteins. An  impor tant  conclusion from th is review was tha t  shotgun 
proteomics is essent ia l to revea l how many reduct ive dehalogenase proteins a re 
produced in  parallel, but  th is approach  a lone cannot  cla r ify the funct ion  of these 
enzymes nor  their  under lying regula t ion  processes. Therefore, the next  chapter  of 
th is thesis a imed to extend and refine the standard proteomics approaches .  
F ir st , proteomics conducted via  mass spect romet ry requires opt imiza t ion  of sample 
processing and ana lysis. Ut ilizing harsher  condit ions for  protein  ext ract ion  and 
digest ion  substant ia lly improved proteome coverage compared to previous studies, 
especia lly of membrane proteins. The combinat ion  of th is approach  with  a  h ighly 
st r ingent  sta t ist ica l filter ing procedure a llowed a  more deta iled, reliable and thus 
more va lid view of the proteome to be obta ined from the model organism 
S ulfurospirillum  halorespirans . The quant ificat ion  of the putat ive protein  h ist idine 
kinase provided the fir st  evidence of it s involvement  in  cont rolling organohalide 
respira t ion together  with  the puta t ive response regula tor , forming a  complete two-
component  regulatory system. The quant ificat ion  of the puta t ive quinol 
dehydrogenase membrane subunit  a lso supported it s involvement  in  the 
organohalide respira tory cha in  of th is genus. We observed tha t  S . halorespirans 
undergoes the same type of peculia r  memory-effect  as S u lfurospirillum  m ultivorans, 
tha t  is, cont inuing to produce it s complete dehalogenat ing machinery even after  
prolonged cult iva t ion  on  a  non-halogenated elect ron  acceptor . To revea l the 
under lying mechanism, protein  lysine acetyla t ion  was addit iona lly measured, which  
is an  impor tant  post -t ransla t ional modificat ion  involved in  many regula tory 
processes across a ll living organisms. Lysine acetyla t ions a re, e.g., known to a lter  
the binding proper t ies of DNA-interact ing proteins like t ranscr ipt ion  factors or  
response regula tors but  have a  range of other  regula tory effect s . In  the fir st  
‘acetylome’ study of an  organohalide-respir ing bacter ium and an 
Epsilonproteobacterium , one-th ird of a ll S . halorespirans proteins were found to be 






In terest ingly, the puta t ive response regula tor  of the two-component  regulatory 
system descr ibed ear lier  was acetyla ted dur ing the metabolic t ransit ion  phase, a fter  
shor t -term adapta t ion  to a  non-ha logenated elect ron  acceptor .  
Another  advancement  of shotgun proteomics was it s combinat ion  with  therm al 
proteom e profiling to elucida te subst rate specificit ies of reduct ive dehalogenases and 
their  regula tors. The under lying pr inciple behind thermal proteome profiling is to 
ident ify the in teract ion of a  protein  with  a  binding ligand through it s impact  on  the 
thermal stability of the protein . The thermal stability of hundreds of proteins can  be 
measured in  parallel by a  proteomics approach. Aliquots of protein  ext ract  are fir st  
incubated a t  different  tempera tures, and the non-denatured fract ion  of each  protein 
is then  quant ified by liquid chromatography-tandem mass spect romet ry (LC-
MS/MS), thus a llowing the composit ion  of melt ing curves of each  protein  to be 
determined. With  th is unbiased approach , unknown protein -ligand in teract ions can 
a lso be ident ified. In  a  proof-of-concept  study on  S . m ultivorans, we adapted the 
method to anaerobic condit ions and showed tha t  th is t echnique is su itable for  the 
detect ion  of in teract ions between enzymes and their  specific subst ra tes . For  
example, a  melt ing curve sh ift  was detected when the tet rachloroethene reduct ive 
dehalogenase, PceA, bound to it s known subst ra te, t r ich loroethene . Fur thermore, the 
melt ing curve sh ift  of the puta t ive response regula tor  in  the two-component  
regula tory system indica ted at  least  an  indirect  in tera ct ion  between it  and 
t r ich loroethene, providing the fir st  biochemical evidence of it s role in  organohalide 
respira t ion  besides mere expression  da ta . 
In  conclusion , t h is work not  only includes the fir st  systemat ic ana lysis of a ll omics-
based studies conducted to da te but  substant ia lly advanced the methods for  
assessing organohalide-respir ing bacter ia  by providing a  more deta iled picture of 
their  physiology. Besides methodologica l advances, it  was demonst ra ted tha t  the 
two-component  regula tory system in teract s with  ha logenated compounds and tha t  
it s post -t ransla t iona l modifica t ion  might  impact  long-term downregula t ion  of the 
organohalide respiratory apparatus in  S u lfurospirillum  spp. The insights in to the 
involvement  of the two-component  regula tory syst em in  the organohalide respira t ion 
of S ulfurospirillum  spp. would not  have been  uncovered by using less complex 
standard shotgun proteomics measurements. In  the fu ture, our  findings will help to 
fur ther  elucida te regulators and funct ioning of reduct ive dehalogenases a lso in  other  







Während der  letzten  einhunder t  J ahre wurden ha logenier te organische 
Verbindungen großflächig in  Indust r ie und Landwir t schaft  eingesetzt , wodurch 
heute mehr  a ls 30 000 Flächen in  Europa  kontaminier t  sind. Aufgrund ihrer  
eingeschränkten  Abbaubarkeit  konnten  sich  r iesige Mengen in  Böden, Sedimenten 
und Grundwasser  ausbreiten . Viele ha logenier te orga nische Verbindungen können 
erhebliche nachteilige Auswirkungen auf die Gesundheit  des  Menschen haben , u .a . 
neurologische Schäden, Fehlbildungen und eine Vielzahl von Krebserkrankungen.  
Glücklicherweise sind best immte Bakter ientypen unterschiedlicher  Phyla  in  der  
Lage, diese Stoffe mit tels anaerober  Atmung, d.h . über  deren  Nutzung a ls 
t erminalen  Elekt ronenakzeptor , umzuwandeln . Diese redukt ive Dehalogenierung, 
bei der  ein  Chlor -Rest  abgespalten  wird, verminder t  die Toxizität  der  meisten 
Organohalide bzw. macht  sie zugänglich für  den  Abbau durch ein  breiteres 
Organismenspekt rum. Demgemäß können Organohalid -a tmende Bakter ien  für  die 
Bioremedia t ion  kontaminier ter  Flächen genutzt  werden. Vora ussetzung für  deren 
Einsa tz ist  jedoch das Verständnis der  zugrundeliegenden biochemischen Reakt ionen 
und des Metabolismus der  Organohalid-Atmer .  
Viele Aspekte der  Physiologie Organohalid -atmender  Bakter ien  sind noch ungeklär t . 
Die Organismen  besitzen  bis zu  38 unterschiedliche Gene, die redukt ive 
Dehalogenasen , die Schlüsselenzyme der  Organ ohalid-Atmung, kodieren . Allerdings 
sind deren  Regula t ion , Proteinkodierung, die Funkt ion  der  einzelnen  Enzyme sowie 
deren  In terakt ionen mit  anderen  Proteinen  noch unbekannt . Die Forschung an  
Organohalid-a tmenden Bakter ien  wird durch  der en langsames Wachstum, die 
ger ingen Zelldich ten , die h ohe Sensit ivität  gegenüber  Sauerstoff und fehlende 
gentechnische Methoden  erschwer t . Ziel dieser  Arbeit  war  es, die genannten 






damit  Regula toren  und Funkt ionsweise der  redukt iven  Dehalogenasen  zu  
best immen . Hier für  wurden sowohl obliga te a ls auch  fakulta t ive Organohalid -
a tmende Bakter ien  herangezogen. 
Als Grundlage führ te ich  zunächst  a lle bisher  durchgeführten  Genomik-, 
Transkr iptomik- und Proteomikstudien  zu  Organohalid-atmenden Bakter ien 
zusammen. Hunder te zu  Or thologen kombinier te und sta t ist isch  ana lysier te 
quant it a t ive Expressionsdaten  liefer ten  dabei ein  umfassendes Bild vom 
Metabolismus der  Organohalid-Atmer. Insbesondere die unklaren  
Expressionsmuster  der  redukt iven  Dehalogenasen  und ihrer  akzessor ischen 
Proteine wurden  offenbar . Eine wicht ige Erkenntn is des Review-Prozesses war , dass 
Standard-Proteomikansätze zwar  uner lässlich  sind, um beispielsweise die 
gleichzeit ige Produkt ion  mehrerer  redukt iver  Dehalogenasen  offenzulegen , aber  
weder  deren Funkt ionen n och Regulat ion  aufklären  können . Aus diesem Grund 
sollt en  im weiteren Ver lauf dieser  Arbeit  die bisher  genutzten  Shotgun -
Proteomikmethoden weiterentwickelt  werden .  
Für  eine umfassende Proteinanalyse mit tels Massenspekt romet r ie müssen  zunächst  
Probenaufarbeitung und Analyse opt imier t  werden . Durch  die Verwendung 
harscherer  Bedingungen bei Proteinext rakt ion  und -verdau konnten  wir  die 
Proteomabdeckung, insbesondere unter  Membranproteinen , im Vergleich  zu 
früheren  Studien  erheblich  verbessern . In  Kombinat ion  mit  einem sehr  st r ingenten 
sta t ist ischen Filt erprozess er laubte dies einen  deta illier ten  und va liden  Blick auf 
das Proteom des Modellorganismus S u lfurospirillum  h alorespirans. Die 
Quant ifizierung der  mutmaßlichen Protein -Hist idinkinase ist  der  er ste Beleg dafür , 
dass diese zusammen mit  dem Regula t ionsprotein  im Zweikomponentensystem an  
der  Kont rolle der  Organohalid-Atmung in  S ulfurospirillum  spp. beteiligt  ist . Die 
quant ifizier te Membranuntereinheit  der  Quinoldehydrogenase stützt  die Annahme 
zu  deren Beteiligung an  der  Atmungsket te dieses Organismus. Wir  konnten 
weiterh in  zeigen , dass in  S . halorespirans die gleiche außergewöhnliche 
Langzeit regula t ion  wie in  S ulfurospirillum  m ultivorans wirksam ist , sodass auch  
nach  langanhaltender  Kult ivierung auf n ich t -ha logenier ten  Subst ra ten  der  
komplet te Organohalid-Atmungsappara t  synthet isier t  wird. Zur  Aufklärung der  
zugrundeliegenden Regula t ion  erweiter ten  wir  unsere Analyse um Protein -Lysin-
Acetylierungen , wicht ige post t ransla t iona le Modifika t ionen, die an  verschiedensten 






Acetylierungen beeinflussen  z.B. die Wechselwirkungen zwischen 
Transkr ipt ionsfaktoren oder  Regula t ionsproteinen  und der  DNA, aber  haben noch 
viele weitere regulator ische Effekte. In  dieser  er sten  „Acetylom“-Studie an  einem 
Organohalid-a tmenden Bakter ium bzw. einem Epsilonproteobacterium , konnten  wir  
zeigen , dass ein  Dr it t el a ller  S . halorespirans-Proteine im Ver lauf der  
Langzeitkult ivierung mindestens einmal acetylier t  wurden. In teressanterweise war  
auch  das mutmaßliche Regula torprotein  des oben erwähnten 
Zweikomponentensystems während der  metabolischen Umstellungsphas e, d.h . nach  
Kurzzeitanpassung an  den  n icht -ha logenier ten Elekt ronenakzeptor , acetylier t . 
Eine zusätzliche Weiterentwicklung der  klassischen proteomischen Messungen war  
deren  Kombinat ion  mit  T herm al Proteom e Profiling, um Subst ra t spezifit äten  und 
Regula toren  von redukt iven  Dehalogenasen  zu  best immen. Zugrundeliegendes 
Pr inzip des Thermal Proteome Profiling ist  die Ident ifika t ion  eines 
Proteinbindungspar tners über  dessen  Einfluss auf die Thermostabilität  der  Fa ltung 
eines Proteins. Die Thermostabilit ät  t ausender  Proteine kann mit  Hilfe eines 
Proteomikansa tzes best immt  werden. Hier für  werden ext rahier te Proteine zunächst  
aufgeteilt  und unterschiedlichen Temperaturen  ausgesetzt . Die n icht -denatur ier te 
Frakt ion  jedes Proteins kann mit tels Flüssigchromatogra phie mit  
Tandemmassenspekt romet r ie-Kopplung (LC-MS/MS) quant ifizier t  und zu 
Schmelzkurven zusammengesetzt  werden . Mit  dieser  Methode können auch  
unbekannte Protein -Liganden-In terakt ionen ident ifizier t  werden. In  unserer  
Machbarkeit sstudie an  S . m ultivorans konnten  wir  zeigen , dass die von uns 
modifizier te Technik auch  zur  Aufklärung von Enzym-Subst ra t -In terakt ionen und 
sogar  unter  anaeroben Bedigungen eingesetzt  werden kann . So konnte 
nachgewiesen  werden, dass die Schmelzkurve der  redukt iven  Tet rachlorethen -
Dehalogenase PceA durch  Bindung ihres bekannten  Subst ra t es Tr ich lorethen  
signifikant  verschoben wurde. Außerdem deutet  die Verschiebung der  Schmelzkurve 
des mutmaßlichen Regula torproteins des Zweikomponentensystems zumindest  auf 
eine indirekte In terakt ion  mit  Tr ichlorethen h in  und ist  damit , abgesehen von 
bloßen Expressionsdaten , der  er ste biochemische Beleg für  dessen  Rolle bei der  
Organohalid-Atmung.  
Zusammenfassend beinhaltet  diese Arbeit  n icht  nur  die erste systemat ische Analyse 
und Kombinat ion  a ller  bisher  ver fügbaren „Omics“-Studien , sondern  auch  deren 






ein  deta illier tes Bild von deren  Physiologie geschaffen  werden konnte. Neben den 
technischen Neuerungen konnte gezeigt  werden, dass das Zweikomponentensystem 
von S ulfurospirillum  sp. mit  ha logenier ten  organischen Verbindungen in teragier t  
und dass dessen  post t ransla t iona le Modifika t ion  die Langzeit reula t ion  des 
Organohalid-Atmungsappara tes beeinflussen  könnte. Die Einblicke in  die 
Beteiligung des Zweikomponentensystems an  der  Organohalida t mung in 
S ulfurospirillum  sp. wären  durch Nutzung von weniger  komplexen Standard -
Proteomikmethoden unentdeckt  geblieben. In  Zukunft  können  uns diese neu 
entwickelten  Methoden dabei unterstützen , Funkt ionalit ät  und Regula t ion  von 









1.1 Halogenated compounds and the environment 
Organohalides a re ubiquitous and hazardous environmenta l pollu tants. Under  the 
United Nat ions t rea ty in  Stockholm in  2001, many count r ies declared to reduce or  
eliminate the product ion , use, and release of the “Dir ty Dozen”, among them 
hexachlorobenzene, polychlor ina ted biphenyls, polychlor ina ted dibenzo-p-dioxins 
and polychlor ina ted dibenzofurans (Secretar ia t  of the Stockholm Convent ion  2001). 
This Stockholm Convent ion  was la ter  extended by many other  organohalides 
(Secretar iat  of the Stockholm Convent ion  2015). Besides being na tura lly produced 
from, e.g., fires and volcanoes or  as defense metabolites in mar ine and ter rest r ia l 
plants, an imals, and bacter ia , the pr imary sources of these substances a re 
anthropogenic (Gr ibble 2003). Organohalides have been  widely used in  indust ry, 
agr icu lture and pr iva te households as solvents, dyes, degreasing agents, flame 
reta rdants, addit ives to polymers, chemica l precursors and pest icides (Chen et  a l. 
2013; Bunge et  a l. 2007; J ugder  et  a l. 2016b). At  their  peak, more than  20 million 
tons organochlor ides were produced each  year  (Häggblom and Bosser t  2003). 
Organohalides persist  in  the environment  for  long per iods , and former  ch lor ine-
based indust r ia l sit es like the indust r ia l region of Bit terfeld -Wolfen  st ill pollute the 
a ir  and r iver  systems with  the chemica ls above (Bunge et  a l. 2007; In terna t ional 
Programme for  Chemica l Safety 1987; J ayachandran  et  a l. 2003; Barber  et  a l. 2005). 
Over  30 000 sites a re expected to be contaminated with  ch lor inated hydrocarbons in 
Europe today (European Commission  2014). In  the USA, over  1400 tons of t et ra- and 
t r ich loroethene were released in  2016 (United States Environmenta l Protect ion 
Agency 2018).  
 




Many organohalides enter  the food cha in  by ingest ion  or  absorpt ion  by aquat ic 
microorganisms. Because of their  persistence and hydrophobicity they bioaccumula te 
and biomagnify in  organisms of h igher  t rophic levels, including fish , mammals, 
birds, and humans, where they dominant ly sequester  in  body fa t  and thus mothers’ 
milk (Kelly et  a l. 2007; Wagner  et  a l. 2009; Wiegel and Wu 2000; Rosar io Angulo et  
a l. 2007). Adverse effect s to human hea lth  result  from their  carcinogenicity, severe 
effect s on the immune, reproduct ive, nervous, hematopoiet ic, endocr ine and 
developmenta l system or  their  toxicity due to uncoupling of the mitochondr ia l 
oxida t ive phosphorylat ion  (Fr icker  et  a l. 2014; Pieper  and Seeger  2008; 
J ayachandran  et  a l. 2003; Shukla  et  a l. 2014).  
1.2 Transformation of organohalides 
In it ia lly, the chemica l proper t ies of organohalides determine where they accumula te 
in  the environment . Chlor ina ted ethenes are more hydrophilic (n-octanol/water  
par t it ion  coefficient  log Kow = 1.4-2.9) and therefore can  be found in  groundwater . 
More hydrophobic compounds such  as polychlor ina ted benzenes (log Kow = 3.4-5.5) or  
biphenyls (log Kow = 4.7-8.2) a re more likely to sorb to soil or  sedimen t  par t icles. At  
the same t ime, they have a  h igher  t endency to bioaccumula te in  living organisms 
(Han et  a l. 2006; Lawrence 2006; Yong 2000; Field and Sier ra -Alvarez 2008; Mackay 
1982; Kelly et  a l. 2007). Substances with  log Kow > 5 are assumed to bioaccumula te in 
fish , whereas uptake by a ir -breath ing organisms sta r t s a t  a  log Kow > 2 and an 
octanol-a ir  par t it ion coefficient  log KOA > 6 (Kelly et  a l. 2007). The specific 
toxicokinet ics depends on  the metabolism of the par t icu lar  organohalide in  the body, 
which  is a ffected by, e.g., the posit ion of the ha logenat ion  (Van den Berg et  a l. 1994; 
Rusyn et  a l. 2014; Van den  Berg et  a l. 1998). The degree of ch lor ina t ion  a lso 
cor relates with  t he sorpt ion  tendency (Lawrence 2006). On the other  hand, the 
organic carbon  content  of the par t icu lar  soil type controls sorpt ion  or  bioavailability 
(Cwier tny and Scherer  2010). Abiot ic degradat ion  of organohalides, e.g., by 
photolysis or  react ive iron  minera ls was reported. However , biodegradat ion  seems to 
be the main  factor  for  their  removal (Tobiszewski and Namieśnik 2012; Richardson 
2016; Fetzner  1998; Field and Sier ra -Alvarez 2008). Bioremedia t ion  approaches take 
advantage of the ecosystem services of biodegradat ion  by either  st imula t ing the 
metabolic potent ial of indigenous microorganisms or  by adding exogenous cu ltures. 






most  cases, it  is more cost -effect ive than  invasive techniques involving chemica l and 
physica l approaches such  as a ir  sparging/soil vapor  extract ion , groundwater  pump-
and-trea t  or  granular  iron  permeable react ive bar r ier s (Qiao et  a l. 2018; Steffan  and 
Schaefer  2016; Dolinová  et  a l. 2017). To benefit  from naturally occur r ing 
t ransformat ion  by microorganisms, however , we must  understand the under lying 
biochemica l processes.  
Under  aerobic condit ions, organohalides a re mainly used as a  carbon and energy 
source by organisms completely miner a lizing them to CO2 (F ield and Sier ra-Alvarez 
2008; Coleman et  a l. 2002a , b), or  they are inadver tent ly co-metabolized by 
unspecific oxygenases (Arp et  a l. 2001; Mat tes et  a l. 2010). Also under  anaerobic 
condit ions, organohalides can  serve as energy and growth  subst ra te (Kuntze et  a l. 
2011; Tiedt  et  a l. 2016; Tiedt  et  a l. 2017). Addit ionally, fermenta t ion  of 
organohalides was observed (Mägli et  a l. 1996; Mägli et  a l. 1998; J ust icia -Leon et  a l. 
2012). In  anaerobic environments, organohalides a re often  used as a  t erminal 
elect ron  acceptor  in  an energy-conserving respira tory process. They are reduct ively 
deha logenated, result ing in  the eliminat ion  of a  ha logen residue (Holliger  et  a l. 
1998). Especia lly h igher  ch lor inated organic compounds can  only be t ransfor med in 
th is way, making the reduct ive dehalogenat ion  an  essent ia l step in  bioremedia t ion . 
The removal of ha logen subst ituents most ly result s in  less toxic products which  are 
more prone to biodegradat ion  but  a lso hazardous in termedia tes such  as vinyl 
ch lor ide can  accumula te. Incomplete dehalogenat ion  can  be caused by the absence of 
organisms being capable of dehalogenat ing compounds with  few ha logen residues 
(McCarty 2016). In  genera l, dechlor ina t ion  slows down with  fewer  halogen  residues. 
In  the environment , the lack of nut r ien ts such as elect ron  donors or  cofactors or  the 
compet it ion  with other  microbes can  limit  t ransformat ion  processes (Lawrence 2006; 
Delgado et  a l. 2012; Dolfing 2016).  
1.3 Reductive dehalogenation 
Key enzymes of reduct ive dehalogenat ion  are the reduct ive dehalogenases. Their  
genes a re usua lly organized in  operons. They conta in  rdhA (reduct ive dehalogenase 
homologous gene), encoding the cata lyt ica lly act ive par t  of the enzyme (RDase if 
biochemica lly character ized, RdhA if uncharacter ized) and rdhB  for  a  puta t ive 
membrane anchor ing protein . Sometimes addit iona lly, par t s of 
 




rdhCDEFGHIJ KMN OPR S T Z  a re encoded. Some of their  gene products a re 
responsible for  t ranscr ipt ional regula t ion  or  matura t ion , a lthough individual 
funct ions a re not  en t irely resolved (Hug et  a l. 2013; Kruse et  a l. 2016). RDases 
typica lly conta in  two iron-sulfur-cluster  binding mot ifs, a  twin -argin ine signal mot if 
(Tat ), responsible for  t he t ransloca t ion  across the cell membrane, and often  specific 
cor r inoid co-factors, involved in  the ca ta lyt ic process. Studies about  RDase-
subst ra te-specificit ies have been  hampered by the low growth  yield of many 
organohalide-respir ing bacter ia , the oxygen sensit ivity and membrane associa t ion  of 
reduct ive dehalogenases and the induct ion  of mult iple rdhA  genes by a  single 
subst ra te (Hug et  a l. 2013). 
 
Figu re  1. Phylogenet ic t ree of reduct ive dehalogenase genes based on  the amino acid 
sequences of the TIGRFAM and FeS-binding domains. The figure is modified from Hug et  a l. 
(2013). 
Known organohalide-respir ing organisms belong to severa l bacter ial phyla  and can 






Faculta t ive organohalide-respir ing bacter ia  usua lly have a  la rge genome and can  use 
ha logenated and non-halogenated elect ron  acceptors. They main ly belong to 
Deltaproteobacteria  (Anaerom yxobacter, Geobacter, Desulfonom ile, Desulfurom onas, 
Desulfovibrio), Epsilonproteobacteria  (S ulfurospirillum ) and Firm icutes 
(Desulfitobacterium ). In  cont rast , the obligate organohalide-respir ing Chloroflexi 
(Dehalococcoides, Dehalogenim onas, Dehalobium ) and Firm icutes (Dehalobacter) a re 
ext reme n iche-specia list s, their  genome is small, and their  metabolism is solely 
based on  organohalides (Atashgahi et  a l. 2016). In  th is thesis, main ly, 
S ulfurospirillum  spp. and Dehalococcoides m ccartyi  were employed as models for  
facultat ive organohalide-respir ing organisms a t  one end of the metabolic spect rum 
and obliga te organohalide-respir ing organisms a t  the other . 
 Dehalococcoides mccartyi  1.3.1
D. m ccartyi is an  obliga te organohalide-respir ing bacter ium and an  impor tant  model 
organism in  research  on  organohalide respira t ion . D. m ccartyi is very impor tant  for  
bioremedia t ion  as indica ted by it s wide dist r ibut ion  and comprehensive organohalide 
respira tory capacit ies. It  can  dehalogenate ha logenated benzenes, phenols, biphenyls 
and dibenzo-p-dioxins and some st ra ins even completely dehalogenate 
tet rachloroethylene to harmless ethene (Löffler  et  a l. 2013; Löffler  and Edwards 
2006). These comprehensive abilit ies a re exemplar ily demonst ra ted in  Figure 2, 
illust ra t ing the hexachlorobenzene dehalogenat ion  steps covered by D. m ccartyi. In  
cu lture, D. m ccartyi r elies on  hydrogen as an  elect ron  donor , acetate as a  carbon  
source and external vitam in  B12 for  the synthesis of the cofactor  of it s reduct ive 
dehalogenases (Seshadri et  a l. 2005).  
In  cont rast  to possessing one of the smallest  genomes among free -living bacter ia , D. 
m ccartyi conta ins a  remarkably la rge number  of rdhA  genes of 5 to 38. Of the 264 
rdhA  genes from known organisms, a round ha lf a re from D. m ccartyi (Hug et  a l. 
2013) (Figure 1). These rdhA  genes a re mainly loca lized in  la rge h igh-plast icity 
regions on  both  sides of the or igin  of replica t ion  (Kube et  a l. 2005; McMurdie et  a l. 
2009). Apar t  from these regions, the genomes of D. m ccartyi st ra ins show a  h igh 
ident ity and synteny. 1029 genes a re conserved in  all st rains, cor responding to ~70% 
of the genome (Richardson 2013). The massive diversifica t ion  and accumula t ion  of 
rdhA genes, their  pa tchy dist r ibut ion  with in  st ra ins and the observa t ion  tha t  many 
 




of these genes a re located with in  a  h igh -plast icity-region  conta in ing mobile elements 
brought  up the hypothesis tha t  rdhAs in  D. m ccartyi might  be acquired via  
hor izonta l gene t ransfer  (Kube et  a l. 2005; Hug et  a l. 2013).  
 
Figu re  2. Anaerobic reduct ive dech lor ina t ion  of hexach lorobenzene (HCB).  All known 
pa thways (grey ar rows) and the ones ca ta lyzed by D. m ccartyi CBDB1 (red ar rows), with  bold 
a r rows indica t ing major  dech lor ina t ion  pa thways. Based on  the da ta  from  J ayachandran  et  
a l. (2003) and F ield and Sier ra -Alvarez (2008). QCB, pen tach lorobenzene; TeCB, 
tet rach lorobenzene; TCB, t r ich lorobenzene; DCB, dich lorobenzene; MCB, 
monoch lorobenzene. 
As D. m ccartyi is an  obliga te organohalide-respir ing bacter ium, it  is not  possible to 
examine specific induct ion  of organohalide respirat ion -rela ted genes. To ga in 
insights about  components of the respiratory cha in , instead, often  gene expression 
following cult iva t ion  on  different  orga nohalides or  different  growth  stages were 






Usually, D. m ccartyi produces severa l reduct ive dehalogenase proteins when exposed 
to a  specific subst ra te. The benefit  from tha t  broad expression  and the specificit ies of 
the different  RDases a re most ly unknown. These aspect s were addressed in  only a  
few studies compr ising pur ifica t ions of RDases from enr ichment  cu ltures (Magnuson 
et  a l. 1998; Magnuson  et  a l. 2000; Müller  et  a l . 2004), na t ive gel pur ificat ions 
combined with mass spect rometr ic (MS) ident ifica t ions (Tang et  a l. 2013; Chow et  a l. 
2010; Adr ian  et  a l. 2007b; Padilla -Crespo et  a l. 2014) and the recent  unique 
heterologous product ion  of an  RDase from D. m ccartyi (Par thasara thy et  a l. 2015). 
Also, the r egula tory processes under lying rdhA  expression  are st ill obscure. Based on 
studies on  heterologously produced MarR-type regula tor s in teract ing with  PCR-
amplified intergenic region s, it  was suggested tha t  MarR negat ively regula tes 
t ranscr ipt ion  of the adjacent  rdhA  gene (Wagner  et  a l. 2013; Krasper  et  a l. 2016). 
However , the signal for  derepression  by MarR has not  yet  been  ident ified. 
Fur thermore, about  ha lf of a ll rdhA  genes in  D. m ccartyi have two-component  signal 
t ransduct ion  systems encoded in  close vicin ity instead of m arR . Another  quest ion 
which  remains open in  research  on  D. m ccartyi is the funct ioning of the unusual, 
apparent ly quinone-independent  elect ron  t ranspor t  and the proteins involved 
therein  (Schipp et  a l. 2013; J ayachandran  et  a l. 2004; Nijenhuis and Zinder  2005; 
Zinder  2016). The possible involvement  of the five dist inct  hydrogenases encoded, a  
complex annota ted as a  formate dehydrogenase, an  NADH  dehydrogenase complex, 
a  molybdopter in  oxidoreductase, an F 1F o ATPase for  energy conserva t ion , and a  
proton-pumping pyrophosphatase has only been  infer red from expression  studies 
and sequence a lignments (Rahm and Richardson 2008; Morr is et  a l. 2006; Mansfeldt  
et  a l. 2014; Seshadri et  a l. 2005). Kublik et  a l. (2016) accomplished to isola te a  
dehalogenat ing enzyme complex, suggest ing a  protein-based electron  t ransport  
opposed to the classica l elect ron  t ranspor t  cha in  model.  
 Sulfurospirillum spp. 1.3.2
On the other  side of the ecologica l and physiologica l n iche is S ulfurospirillum  
m ultivorans, which  is capable of dehalogenat ing tet rachloroethene, t r ich loroethene 
and brominated phenols and ethenes, using pyruvate, lacta te, formate or  hydrogen 
as the elect ron  donor  (Neumann et  a l. 1996; Kunze et  a l. 2017; Gor is and Dieker t  
2016). It  is slight ly less oxygen -sensit ive, grows faster  and to h igher  cell densit ies 
than  D. m ccartyi. Therefore, S . m ultivorans has been  in tensively invest iga ted, 
 




including biochemica l studies (Scholz-Muramatsu  et  a l. 1995; Sieber t  et  a l. 2002; 
Neumann et  a l. 1994; J ohn et  a l. 2009), protein  loca liza t ion  studies (Miller  et  a l. 
1996; J ohn et  a l. 2006), pur ificat ions (Neumann et  a l. 1996; Neumann et  a l. 2002), 
and even crysta l st ructure ana lyses (Bommer  et  a l. 2014; Kunze et  a l. 2017) of its 
t et rachloroethene reduct ive dehalogenase PceA. S . m ultivorans is metabolica lly 
versa t ile, i.e., it  cannot  only use ha logenated compounds as elect ron  acceptor  but  
a lso, e.g., fumara te, n it ra te, selena te or  a r senate (Gor is and Dieker t  2016). This 
a llowed compar ing gene expression  under  ent ir ely different  growth  condit ions and 
conclusions about  which  proteins a re involved in  organohalide respira t ion  (Gor is et  
a l. 2015; Gor is et  a l. 2014), which  is not  possible in  obliga te organohalide-respir ing 
bacter ia  like D. m ccartyi. Consequent ly, a  lot  is known about  the enzyme kinet ics, 
subst ra te specificit ies, cofactor  requirements, t ranscr ipt ion , t ransla t ion , and react ion 
mechanism of PceA in  S . m ultivorans. St ill, many aspect s remain  unresolved, or  only 
hypotheses exist . Similar  to D. m ccartyi and a lso other  organohalide-respir ing 
bacter ia , these include the exact  composit ion and funct ioning of the respira tory 
cha in , but  a lso the unique memory-effect  and long-term downregulat ion  of the PceA 
in  the absence of a  ha logenated subst ra te (J ohn et  a l. 2009) and the synthesis of the 
unusual PceA-cofactor , norpseudovitamin  B12 (Kräut ler  et  a l. 2003; Schuber t  2017). 
A la rge gene region  of ~50 kbp opposite of the or igin  of replica t ion  is absent  in  non -
organohalide-respir ing S ulfurospirillum  spp., but  present  in  S . m ultivorans, S . 
halorespirans (Gor is et  a l. 2017) and “Candidatus Sulfurospir illum dieker t iae” 
(But tet  et  a l. 2018), which  are a ll capable of reduct ive dehalogenat ion . This 
organohalide respiratory gene region  encodes PceA, it s puta t ive membrane anchor  
PceB, a  second RdhAB, which  is apparent ly not  produced, putat ive regula tors, other  
accessory proteins of unresolved funct ion , a  puta t ive quinol dehydrogenase, and the 
apparent ly complete synthesis appara tus for  norpseudovitamin  B12 (Schuber t  2017). 
Apar t  from a  few genes, the whole region  is h ighly expressed, when  cells a re grown 
with  tet rachloroethene compared to n it rate or  fumara te (Gor is et  a l. 2015). Based on  
it s sequence and the cont inuous product ion  ir respect ive of elect ron  acceptor  
provided, the response regula tor  SMUL_1539 as par t  of a  two-component  system 
was predicted to t ranscr ipt ionally regula te th is expression  (Gor is et  a l. 2015). The 
inventory of genes indica tes a  different  organiza t ion  of the respira tory cha in  than  in  






To da te, S . m ultivorans is the only organohalide-respir ing species of th is genus 
which  has been  in tensively studied. Of S . carboxydovorans and “Candidatus 
Sulfurospir illum dieker t iae” single studies report ing their  ident ifica t ion  in  a  
consor t ium, isola t ion  or  descr ipt ion  were conducted (But tet  et  a l. 2018; J ensen  and 
Finster  2005); of S . halorespirans on ly recent ly the sequenced genome has become 
available (Gor is et  a l. 2017). Digita l DNA-DNA hybr idiza t ion  similar ity of S . 
halorespirans and S . m ultivorans was 53%; however , the organohalide respira tory 
gene regions a re a lmost  100% ident ica l, with  a  few except ions. These compr ise the 
pceA  gene being only 95% ident ica l between both  species, a  puta t ive small ORF of 
106 nucleot ides in  S . halorespirans and the tetR -like repressor  gene being 
in ter rupted by a  t ransposase in  S . m ultivorans.  
1.4 Proteomics 






A standard shotgun proteomics workflow sta r t s with  cells being collected from their  
cu lture and lysed (Figure 3). The la t ter  is per formed by, e.g., consecut ive freeze-
thaw-cycles or  rapid decompression  in a  French  press device and often  in  the 
presence of potent  denatur ing agents such  as urea . To improve ioniza t ion  and 
chromatographic separa t ion , proteins a re usua lly proteolyt ica lly digested using 
t rypsin . This is conducted either  in-solu t ion  or  in -gel a fter  a  1D-SDS polyacrylamide 
gel elect rophoresis (PAGE) for  cleanup and visua liza t ion . To reduce sample 
complexity, the result ing pept ide mix is separa ted according to hydrophobicity in 
liquid chromatography and direct ly in jected into the MS. In  the MS, thousands of 
consecut ive mass spectra  a re acquired. In  a  fir st  survey scan  (MS1), pept ides get  
ionized, and their  mass-to-charge ra t ios (m/z) and abundances a re determined. The 
most  abundant  ions a re isola ted, fragmented a t  their  pept ide bonds in to y- and b-
ions and subjected to a  second scan  (MS2), a llowing sequencing of the amino acid 
composit ion  based on  the m/z-differences of the individual fragments (Gross 2011). 
This is accomplished by compar ing the m/z-pa t tern  to a  range of theoret ica l spect ra  
genera ted by in -silico digest ion  and fragmenta t ion  of a  specific protein  sequence 
da tabase. The pept ide h it s a re sta t ist ica lly eva lua ted by search  a lgorithms such  as 
SEQUEST-HT (Tabb 2015) according to the number  of fragment  spect rum matches 
and their  mass accuracy and reassembled to proteins. Subsequent ly, a  vast  var iety of 
a lgor ithms for  fur ther  da ta  processing and sta t ist ical ana lysis is ava ilable, 






 Protein lysine acetylations–an important post-translational 1.4.2
modification 
The physiology of a  cell is not  just  a  funct ion  of a ll it s genes, t ranscr ipt s and 
proteins, but  a lso of regula tory processes tha t  in tervene a t  these different  levels. 
Post -t ransla t ional modifica t ions (PTMs) of proteins a re a  st ra tegy for  a  cell to 
respond to changing environments, in  a  way tha t  is more quickly and cheaper  than 
degrading or  producing a  whole new set  of prot eins. PTMs a re chemica l 
modifica t ions of amino acid  







Figu re  4. (A) Exper imenta lly observed post -t ransla t iona l modifica t ions and their  frequency, 
based on  cura ted Swiss-Prot  da ta  according to Khoury et  a l. (2011) (downloaded February 
2018). (B) Abundances of acetyla t ion  types in  prokaryot ic organ isms. (C) An unmodified and an  
acetyla ted form of side cha in  lysine on  pept ide backbone (jagged). (D) MS 2 spect rum sh ift  by 
acetyla t ion  of the lysine side cha in . Acetyla t ion  of K4 resu lt s in  a  mass increment  of +42 .011 
Da of the ions y6-y9 and b4-b9 compared to the unmodified pept ide, which  can  be detected by 






side cha ins or  cleavages of the pept ide backbones. Cur rent ly, there are 621 PTMs 
known in  na ture (RESID Database (Garavelli 2004), March  2018). One widely 
dist r ibuted PTM having diverse funct ions is the lysine acetyla t ion  (Figure 4A, B). 
Depending on  the bacter ia l organism and it s physiologica l sta te, 1-34% of a ll 
proteins a re found to be lysine-acetyla ted (Hentchel and Esca lante-Semerena  2015). 
Due to their  highly react ive and funct ional flexible amine-group on  its ε-side cha in  
(Figure 4C), lysines a re crucia l for  var ious ca talyt ic processes, molecule binding, and 
enzyme act ivity (Azevedo and Saiardi 2016). It  was suggested tha t  the wide var iety 
of different  PTMs observed on  lysine residues evolu t ionary developed to keep this 
react ivity under  cont rol. By neut ra lizing the lysine’s posit ive charge  (F igure 4C), 
acetyla t ions a lter  loca l or  global protein  st ructure, which  ca n have an impact  on  the 
protein’s st ability, act ivity, loca liza t ion or  in teract ion  with other  proteins or  
biomolecules (Figure 5) (Hentchel and Esca lante-Semerena  2015; Ca in  et  a l. 2014). 
Apar t  from the lysine ε-side cha in , acetyla t ions can  a lso occur , e.g., on  the N-
terminal amine residue of a  protein  (α, F igure 4C) or  the hydroxyl group of ser ine 
and threonine (Figure 4B). However , for  reasons of ra re occur rence in  bacter ia  and 
methodologica l difficult ies those a re not  extensively studied (Cain  et  a l. 2014; Ouidir  
et  a l. 2016).  
  






For  a  long t ime, it  had been  believed tha t  protein  acetyla t ions do not  play a  
significant  role in  bacter ia . However , since the chemotaxis response regula tor  CheY 
was found to be act iva ted by acetyla t ions (Barak et  a l. 1992), more and more 
bacter ia l proteins regula ted by acetylat ions were discovered. Proteins get  reversibly 
modified by an  interplay of acetylt ransferases and deacetylases, non-enzymat ica lly 
by acetylphosphate or  by being outcompeted by newly synthesized unmodified 
proteins (Ouidir  et  a l. 2016; Weiner t  et  a l. 2013; Carabet ta  and Cr istea  2017). Even 
in  eukaryotes, where there is a  great  interest  in  character izing the biological 
funct ion of acetylt ransferases and deacetylases for  medica l applica t ions, only lit t le is 
known about  how these enzymes recognize their  specific acetyla t ion  site or  how they 
are regula ted (Downey and Baetz 2016). Unlike phosphoryla t ions, which  occur  at  
rapidly evolving, unst ructured protein  regions, acetyla t ions a re often found with in 
st ructured domains like α-helices and β -sheets (Choudhary et  a l. 2014).  
Cur rent ly, very lit t le is known about  the exact  funct ions and mechanisms of protein 
acetyla t ions. However , their  broad dist r ibut ion and h igh  degree of conversa t ion  even 
from human to bacter ia  (Downey and Baetz 2016; Guan and Xiong 2011; Ouidir  et  
a l. 2016) suggest  a  fundamenta l role in  cells. In  bacter ia , protein  lysine acetyla t ions 
were observed to play a  role in  the regula t ion  of cell mot ility and shape, RNA 
degradat ion , gene expression , st ress, replica t ion  and repa ir  (Figure 5) (Hentchel and 
Esca lante-Semerena  2015; Carabet ta  and Cr istea  2017). Addit ionally, a  plethora  of 
enzymes involved in  carbohydrate and energy metabolism were found to be 
acetyla ted (e.g., Schilling et  a l. 2015), among them the acetyl-CoA synthetase, which  
is switched on  and off by acetyla t ion  within  its ca ta lyt ic sit e (Stara i and Esca lante-
Semerena  2004).  
One of the fir st  examples of proved lysine acetyla t ions -based regula t ion  were 
eukaryot ic h istones. Lysine acetyla t ions reduce their  DNA-binding capability and 
thereby influence t ranscr ipt ion  (Allfrey et  a l. 1964; Hebbes et  a l. 1988). This 
phenomenon was a lso observed for  the Mycobacterium  tuberculosis  HU proteins 
(Ghosh et  a l. 2016), which  possess h igh  sequence-similar ity to h istones. Fur ther  
examples of acetyla t ion -controlled bacter ial DNA-interact ing proteins include the 
Escherichia coli r esponse regula tor  and t ranscr ipt ion  factor  RcsB, which  regula tes 
capsule and flagellum synthesis (Thao et  a l. 2011; Hu  et  a l. 2013). In  cont rast , 
acetyla t ion stabilizes the t ranscr ipt ion  factor  HilD, a llowing product ion  of the 







For  ana lyzing protein  acetyla t ions, acetyla ted pept ides need to be enr iched from the 
protein digest  using specific an t ibodies (Figure 6). Subsequent ly, the proteome and 
the acetylome can  be ana lyzed via  mass spect romet ry, with  the lysine acetyla t ions 
being loca lizable based upon the mass sh ift  they produce in  the MS 2 fragment  
spect rum (Figure 4D). 
 
Figu re  6 . Workflow for  acetylome-profiling. P roteins a re ext racted from bacter ia l cells and 
cleaved by specific proteases like t rypsin . Acetyla ted pept ides a re immunologica lly enr iched. 
After  wash ing and elu t ion  from the an t ibodies, acetyla ted pept ides a re ana lyzed by mass 
spect rometry and compared to the proteome da ta . 
 Thermal proteome profiling 1.4.3
With the current  toolbox for  ana lyzing organohalide-respir ing bacter ia , it  is 
cha llenging and t ime-consuming to conclude reduct ive dehalogenase subst ra te 
specificit ies. Therefore, a  second technique ought  t o be established in  th is thesis, 
enabling to live-monitor  biochemist ry, i.e., subst ra te-enzyme binding in  cell ext ract : 
Thermal proteome profiling. It  is a  novel technique predominant ly used in  drug 
discovery and is based on  the fact , tha t  ligand binding stabilizes a  protein ’s 
st ructure, making it  less sensit ive to thermal st ress (Diether  and Sauer  2017; 
Savit ski et  a l. 2014). In it ia lly, th is stabiliza t ion  was a ssessed by recording melt ing 
curves of pur ified proteins (Pantoliano et  a l. 2001), la ter  it  was shown, tha t  the same 
effect s can be observed in  complex environments like whole cells (Molina  et  a l. 2013; 
J afar i et  a l. 2014). F ina lly, the technique was combined with  mass spect rometry, 
dramat ica lly increasing sensit ivity for , e.g., low-abundant  proteins (Franken et  a l. 
2015; Savit ski et  a l. 2014). By exposing a liquots of proteins to a  set  of increasing 
tempera tures and quant ifying the fract ion  tha t  remains soluble by mass 






(Figure 7). This workflow is ext remely st ra ight forward compared to other  methods 
elucida t ing protein -metabolite in teract ions: E xper iments can  be conducted under  
near  in  vivo condit ions and a llow a  very high  throughput  of assessed proteins 
(Diether  and Sauer  2017). However , except  for  one study with  a  modified approach 
(Peng et  a l. 2016), it  has only been  used in  eukaryot ic systems using aerobic 
condit ions. Also, in  most  cases, stable protein -ligand in teract ions were assessed. 
 
Figu re  7. Workflow for  thermal proteome profiling of enzymes of organohalide -respir ing 
organ isms to study protein  in teract ions with  t r ich loroethene.  The na t ive protein  ext ract  is 
a liquoted in to two t imes ten  samples. To ha lf of the samples, t r ich loroethene is added. 
Aliquots a re incuba ted to one ou t  of ten  tempera ture poin ts. The denatured fract ion  is 
removed by u lt racen t r ifugat ion ; the soluble fract ion  ana lyzed according to the standard 
shotgun  proteomic workflow. Quant ita t ive va lues of each  protein  in  the samples can  be 
assembled to melt ing curves. A melt ing curve sh ift  by t r ich loroethene indica tes in teract ion  
with  th is par t icu lar  protein . 
1.5 Objectives 
Organohalide-respir ing bacter ia  a re of cent ra l impor tance for  the t ransformat ion  of 
ch lor ina ted organic compounds, a  widely dist r ibuted pollutant  group. Many 
fundamenta l molecular  processes under lying the process of reduct ive dehalogenat ion  
are st ill obscure, including the var iety of reduct ive dehalogenase homologous genes  
as well as their  regula t ion . The involved organisms are difficu lt  to cu lt iva te and their  
key enzymes hard to ana lyze with  classical biochemica l approaches. Here, we 






to enr ich  and ana lyze protein  lysine acetyla t ions, and (ii) to opt imize and apply 
thermal proteome profiling to study enzyme-subst ra te in teract ions. 
The cent ra l quest ions addressed in  th is study a re: 
- How can we study regula tors, in teract ions and subst ra te specificit ies 
of reduct ive dehalogenases despite the low amounts of biomass, oxygen  
sensit ivity and genet ic inaccessibility of dehalogenat ing organisms? 
(a ll publicat ions) 
- How are t ranscr ipt ion , t ransla t ion  and post t ransla t iona l modifica t ions 
in ter rela ted in  organohalide-respir ing bacter ia? (Publica t ion  1, 
Publica t ion  2, Publica t ion  3) 
- How can we assess r educt ive dehalogenase subst ra te act ivity and 
in teract ions in  protein  complexes? (Publicat ion  1, Publica t ion  3, 
Publica t ion  4) 
- Do protein  lysine acetyla t ions play a  role in  the t ransit ion  between 
different  metabolic states caused by adapta t ion  to different  elect ron 
acceptors in  S . halorespirans? (Publicat ion  2) 
- Can we predict  protein in teract ions in  organohalide-respir ing bacter ia  
based on  protein  thermal stability? How does the presence of 
t r ich loroethene influence the protein  stability of S . m ultivorans? 







2.1 Overview of publications 
 Publication 1 2.1.1
Türkow sky D , J ehmlich  N, Dieker t  G, Adr ian  L, Bergen Mv, Gor is T (2018) An 
in tegra t ive overview of genomic, t ranscr iptomic and proteomic ana lyses in  
organohalide respira t ion  research . FEMS Microbiology Ecology 94 (3):fiy013-fiy013. 
  
S ign ifican ce : Here, a ll ava ilable genomic, t ranscr iptomic and proteomic studies on  
organohalide-respir ing bacter ia  were reviewed. The in tegra t ion  of the result s of 
these studies provided a  comprehensive view of the physiology of S . m ultivorans, D. 
m ccartyi, Desulfitobacterium  spp. and Dehalobacter restrictus . The diversity of 
reduct ive dehalogenases, the composit ion  of the respira tory cha in  and the cor r inoid 
and carbon metabolism were inspected. We concluded tha t  proteome da ta  do not  
provide a  complete representa t ion  of the metabolism and addit iona l informat ion  
from, e.g., post -t ransla t iona l modifica t ions ana lysis or  protein -protein /protein -
subst ra te in teract ions studies a re needed. 
 Publication 2 2.1.2
Türkow sky D*, Esken  J *, Gor is T, Schuber t  T, Dieker t  G, J ehmlich  N, Bergen Mv 
(2018) A Retent ive Memory of Tet rachlor oethene Respira t ion in  S ulfurospirillum  
halorespirans - involved Proteins and a  possible link to Acetyla t ion  of a  Two-
Component  Regula tory System. J ourna l of Proteomics. doi: 







Sign ifican ce : Classical ‘omics’ approaches have not  succeeded in elucida t ing the 
enigmat ic metabolism of organohalide-respir ing bacter ia . Therefore, in  this study, 
we a imed a t  extending the cur rent  perspect ive by another  level, the post -
t ransla t iona l modificat ion  of protein  lysine acetyla t ion . We found tha t  the 
organohalide respira tory gene region  of S . halorespirans, simila r  to S . m ultivorans, 
is subject  to a  unique memory-effect  and a  long-term downregula t ion  after  
cu lt iva t ion  on  a  non -ha logenated subst ra te, such  as n it ra te. We found a  broad 
dist r ibut ion of protein  lysine acetyla t ions especia lly dur ing adaptat ion  to the non -
ha logenated subst ra te, providing a  possible h in t  a t  a  regula tory role of th is 
modifica t ion . Fur thermore, we thoroughly compared the proteome to the one from S . 
m ultivorans. 
 Publication 3 2.1.3
Türkow sky D*, Lohmann P*, Mühlenbr ink M, Schuber t  T, Adrian  L, Gor is T, 
J ehmlich  N, Bergen Mv (in revision  in J ourna l of Proteomics) Ident ifica t ion  of 
Protein -Tr ich loroethene In teract ions dur ing Organohalide Respira t ion  revea led by 
Thermal Proteome Profiling. *Authors cont r ibuted equally to th is work. 
 
Sign ifican ce : Standard biochemica l t echniques such  as enzyme pur ificat ions a re 
difficu lt  to car ry out  with  many organohalide-respir ing bacter ia  as they suffer  from  
oxygen sensit ivity and poor  growth yields. Consequent ly, the subst ra te spect rum and 
the regulat ion  of many reduct ive dehalogenases a re st ill unknown. In  th is study, we 
developed a  new technique to address  these issues, a llowing us to screen  the 
proteome for  in teract ions with  a  par t icu lar  subst ra te on  the basis of protein  melt ing 
curve sh ift s. The method a llowed us to ver ify the in teract ion  of the subst ra te 
t r ich loroethene with  the tet rachloroethene reduct ive dehalogenase PceA and 
indirect ly a  specific response regula tor  of S . m ultivorans. 
 Publication 4 2.1.4
Har twig S*, Dragomirova  N*, Kublik A, Türkow sky D , von  Bergen M, Lechner  U, 
Adr ian  L, Sawers RG (2017) A H 2-oxidizing, 1,2,3-t r ich lorobenzene-reducing 
mult ienzyme complex isola ted from the obligately organohalide-respir ing bacter ium 
Dehalococcoides m ccartyi st ra in  CBDB1. Environmenta l Microbiology Repor t s 9 
(5):618-625. *Authors cont r ibuted equally to th is work. 
 
 




Sign ifican ce : In  th is study, the difficu lt ies when working with  organohalide-
respir ing organisms were overcome by using an  opt imized approach  combining 
na t ive PAGE with  enzyme act ivity test s and protein  ident ifica t ions by mass 
spect rometry. We could show tha t  a  mult iprotein  complex from D. m ccartyi cata lyzes 
the H 2-dependent  reduct ion  of 1,2,3-t r ich lorobenzene. The complex compr ises two 
reduct ive dehalogenases on  the elect ron accept ing side, CbrA and CbdbA80, and on 
the elect ron  donor  side the iron-sulfur  molybdoenzyme OmeA (former ly annota ted as 
a  formate dehydrogenase, CbdbA195) and the hydrogenase subunit  HupL.  
2.2 Published articles 
- Publica t ion  1 can  be found on  page 28 
- Publica t ion  2 can  be found on  page 47 
- Publica t ion  3 can  be found on  page 58 
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Abst r a ct  
T herm al proteom e profiling (TPP) is commonly applied in  eukaryotes to invest iga te 
protein-ligand binding through protein  melt ing curve sh ift s. Ident ificat ion  of protein -
subst ra te in teract ions in  anaerobic bacter ia  is st ill a  major  cha llenge. Therefore, we 
applied TPP to the organoha lide-respir ing S ulfurospirillum  m ultivorans, which  uses 
t r ich loroethene as an  elect ron  acceptor  for  growth . In  our  proof-of-concept  study, we 
invest iga ted protein -in teract ions with  the subst ra te t r ich loroethene. Severa l 
modifica t ions in  the protocol extended the detect ion  range and a llowed the 
invest iga t ion  of oxygen -sensit ive proteins, e.g., per forming the incubat ion  under  
anaerobic condit ions and increasing the tempera ture range up to 97°C. Enzymat ic 
reduct ive dehalogenat ion  was prevented by omit t ing the elect ron  donor  during 
incubat ions. This a llowed detect ing the interact ion  of the tet rachloroethene 
reduct ive dehalogenase PceA with  t r ichloroethene and confirmed the enzyme’s 
specificity for  th is subst ra te. In terest ingly, it s puta t ively cor responding response 
 




regula tor  showed a  similar  t rend, which  is the fir st  biochemica l evidence for  it s 
proposed role in  t r ich loroethene respira t ion . We proved that  our  TPP approach 
facilit a tes the ident ifica t ion  of protein -subst ra te in teract ions of st r ict ly anaerobic 
reduct ive dehalogenases and probably their  regula tors. This st ra tegy can  be used to 
ident ify yet  unknown subst ra te specificit ies and potent ia l signa l -sensing proteins, 
and therefore has the potent ia l to elucida te one of the most  unresolved fields in 
research  on  organohalide-respir ing bacter ia . 
Sign ifican ce  
Detect ion  of enzyme-subst ra te or  protein -ligand in teract ions in organohalide-
respir ing bacter ia  is a  major  cha llenge. T herm al proteom e profiling (TPP) a llows 
detect ing proteome-wide thermal stability changes. In  th is TPP study, we 
demonst ra te the specific in teract ions of a  ch lor ina ted subst ra te with  a  reduct ive 
dehalogenase and potent ia lly with  a  response regula tor  and thereby provide the fir st  
biochemica l h in t  for  the response regula tor ’s regula t ing funct ion  in organohalide 
respira t ion . The st rategy might  a lso be applied to ident ify yet  unknown subst ra te 
specificit ies of other  enzymes in  bacter ia  which  are difficu lt  to invest iga te or  slow -
growing. The a ssessment  of enzyme specificit ies represents a  new applicat ion  for  
TPP. 
High ligh ts  
- T herm al proteom e profiling (TPP) was applied to ident ify protein -
t r ich loroethene in teract ions in  an  organohalide-respir ing bacter ium  
- The TPP protocol was modified for  ana lyzing bacter ia l oxygen -
sensit ive enzymes 
- In teract ion of t r ich loroethene with the tet rachloroethene reduct ive 
dehalogenase PceA of S ulfurospirillum  m ultivorans  was confirmed 
- A fir st  h int  for  the in teract ion  of a  response regula tor  possibly 
involved in  organohalide respira t ion  and chlor ina ted ethene was 
provided 
In trodu ction  
Many organohalides a re hazardous to human hea lth  and widely dist r ibuted in  our  
environment  (Agency for  toxic substances and disease regist ry 2017). Many of them 






1993, 1987) but  had been used in indust ry and agr icu lture for  a  long t ime and are 
reca lcit ran t  aga inst  biodegradat ion  (Koenig et  a l. 2015). Severa l anaerobic bact er ia  
a re capable of reduct ively dehalogenat ing organohalides, i.e., they use organohalides 
as a  t erminal elect ron acceptor  dur ing organohalide respira t ion  (Leys et  a l. 2013; 
Atashgahi et  a l. 2016). The ca ta lyzing enzymes are the iron -sulfur  cluster - and 
cor r inoid-cofactor  conta in ing reduct ive dehalogenases (Dobbek and Leys 2016). 
There a re st ill many unanswered quest ions in  the research  on organohalide-
respir ing bacter ia , involving the funct ioning of reduct ive dehalogenases, their  
subst ra t e specificit ies, and regula t ion  (Schuber t  et  a l. 2018). 
S ulfurospirillum  m ultivorans– an organohalide-respir ing bacter ium– produces the 
tet rachloroethene reduct ive dehalogenase PceA, which  dechlor ina tes t et ra - and 
t r ich loroethene (Neumann et  a l. 1996) but  also brominated phenols (Kunze et  a l. 
2017). A two-component  regula tory system was predicted to be involved in  the 
t ranscr ipt iona l regula t ion  of the pceA  gene expression , which , however , has not  yet  
been  biochemica lly proven (Gor is et  a l. 2014; Gor is et  a l. 2015). In  genera l, two-
component  regulatory systems involve a  protein  h ist idine kinase detect ing a  
chemica l or  physica l signa l from the environment  and t ransducing th is signa l in to an 
in t racellula r  signa l cascade by phosphorylat ing a  response regula tor . The act iva ted 
response regula t or  usua lly binds to the DNA and induces or  suppresses gene 
expression  (Groisman 2016). 
Organohalide-respir ing bacter ia  and their  reduct ive dehalogenases a re difficu lt  to 
invest iga te because many are ext remely sensit ive to oxygen. Addit iona lly, they grow 
slowly to low cell densit ies, and protocols for  their  genet ic modifica t ion  are not  
ava ilable (Türkowsky et  a l. 2018b), which  would otherwise enable, e.g., gene delet ion 
studies. Of par t icu lar  in terest  for  biochemica l invest iga t ions and bioremedia t ion  is 
the subst ra te specificity of reduct ive dehalogenases. Due to the cha llenges in 
heterologous expression  and limited possibilit ies for  protein  pur ifica t ion , approaches 
such  as na t ive PAGE coupled to enzymat ic assays and mass spect romet ry a rose 
(Adr ian  et  a l. 2007b) but  could not  resolve reduct ive dehalogenase subst ra te 
specificity in  many cases (Kublik et  a l. 2016; Har twig et  a l. 2017). Here, we used S . 
m ultivorans as a  model organism to invest igate subst ra te specificity of a  reduct ive 
dehalogenase via  therm al proteom e profiling (TPP), since PceA is a  well-studied 
enzyme and S . m ultivorans one of the few easier  to handle organohalide-respir ing 
bacter ia . 
 




TPP is a  fur t her  development  of the cellu lar  thermal sh ift  assay on  a  proteome-wide 
sca le. It  was established by Savit ski et  a l. (2014) in  order  to screen  the whole 
proteome in  an  unbiased way for  potent ia l t a rget s of kinase inhibitors. Both  
techniques were most ly used for  the ana lysis of the mechanist ic effect s of drugs, 
usua lly inhibitors of enzymes, or  of protein -protein  in teract ions in  mammalian  cells 
(Mateus et  a l. 2016; Mar t inez Molina  et  a l. 2013). The pr inciple of TPP is tha t  if a  
protein  binds to it s ligand, h igher  t empera tures a re needed to denature the protein 
because par t  of the hea t  energy dissocia tes the enzyme-ligand-complex. 
Consequent ly, the protein ’s melt ing tempera ture (Tm), a t  which  50% of the protein  is 
denatured and which  can  be ca lcu la ted from it s melt ing curve, is sh ifted to h igher  
t empera tures. 
In  th is study, we ver ified tha t  the TPP method is su itable to ana lyze protein -
subst ra te in teract ions of S . m ultivorans. Due to the oxygen sensit ivity of involved 
enzymes (Gadkar i et  a l. 2018), oxygen was excluded dur ing the cu lt iva t ion , protein 
ext ract ion , subst ra te and tempera ture incubat ion . We quant ified the soluble protein 
fract ion  by a  label-free approach  instead of the isotopic labeling as used by Savit ski 
et  a l. (2014), which  opens up the TPP method to other  applica t ions. 
Mate ria ls  an d Me th ods  
Anaerobic bacterial culture and used  m edia 
S ulfurospirillum  m ultivorans  was cu lt iva ted anaer obica lly with  40 mM pyruvate as 
an  elect ron  donor  and 10 mM tet rachloroethene (nominal concentra t ion , 
t et rachloroethene was added from a  0.5 M stock solu t ion in  hexadecane) as an 
elect ron  acceptor  a t  30°C and 120 rpm in  a  defined minera l medium (Scholz-
Muramatsu  et  a l. 1995). To reduce the amount  of ch lor inated ethenes in  the cu ltures 
to a  minimum but  to obta in cells which st ill produce PceA, the organism was 
cu lt iva ted for  three t ransfers with  40 mM fumara te as an  elect ron  acceptor  and 
40 mM pyruvate as an  elect ron  donor  with  10% inoculum each  (J ohn et  a l. 2009).  
Cell harvest and lysis 
The bacter ial cells were harvested after  24 h  in  the late exponent ia l phase. The 
culture was cent r ifuged under  anoxic condit ions a t  4,800  g for  20 min  a t  10°C for  two 
t imes with  a  washing step in  between using 4 mM L-cysteine in  phosphate buffered 






100 mM ammonium sulfa te, 1x MS-SAFE protease and phosphatase inhibitor  
(Sigma-Aldr ich , St . Louis, USA) and 2 mM L-cysteine). Cell lysis was per formed 
anaerobica lly by using the FRENCH® press (Thermo Fisher  Scient ific, Waltham, 
USA) with a  pressure of 1,000 Psi. Cell debr is was removed by centr ifugat ion  of the 
cell ext ract  a t  20,000 g for  10 min  a t  10°C. The protein  concent ra t ion  of the 
superna tant  was determined by using the Bradford assay (Sigma -Aldr ich , St . Louis, 
USA). The quality of the sample preparat ion  was cont rolled by photomet r ica l 
measur ing the specific act ivity of the reduct ive dehalogenase PceA using the  
synergy™ HT mult i detect ion  micropla te reader  photometer  (BioTek Inst ruments, 
Inc., Vermont , USA) under  anoxic condit ions (Scholz-Muramatsu  et  a l. 1995). The 
micropla te was sea led with  a  microsea l ‘B’ film (Bio-Rad, CA, USA) and measured in 
an  anaerobic chamber  to avoid oxygen exposure. 
Preparation  of cell extract for therm al proteom e profiling 
While working in  the anaerobic chamber , the cell extract  was split  in to two equal 
set s and incubated with either  5 mM t r ich loroethene in  ethanol (fina l concentra t ion) 
or  with  the same volume of ethanol as a  cont rol. Tr ich loroethene as the subst ra te 
was added to the cell ext ract  under  anoxic condit ions by using an  eVol xR glass 
pipet te (SGE Analyt ica l Science). Each  sample per  condit ion  was fur ther  divided in to 
30 a liquots and t ransfer red in to 0.6 mL micro bot t les (lab logist ic group GmbH, 
Meckenheim, Germany) sea led with  gas-t ight  caps. The 60 samples were 
sequent ia lly incubated for  3 min  with  one of t en  tempera tures between 43°C and 
97°C in  a  ThermoMixer  (Thermo Fisher  Scient ific, Waltham, USA). The hea ted 
samples were shock-frozen  in  liquid n it rogen. To separa te na t ive from denatured 
proteins, samples were u lt ra -cent r ifuged a t  100,000 g for  20 min  a t  4°C by using an  
Opt ima™ MAX-XP ult racentr ifuge and an ML-130 rotor  (Beckman Coulter , 
Pasadena , USA). The superna tant  conta in ing the soluble protein  fract ion  was used 
for  fur ther  ana lysis.   
S DS -PAGE, proteolytic d igestion , and  peptide extraction  
The SDS-PAGE was per formed to remove contaminants from the samples, according 
to the protocol in  Franken et  a l. (2015). Shor t ly, 25 µg protein of the lowest  
t empera ture poin t  (43°C) and equal volumes of the other  samples were supplied with 
100 mM 2-iodoacetamide, 50 mM dith iothreitol and 1x lith ium dodecyl su lfate 
(Sigma-Aldr ich , St . Louis, USA) and incubated in  a  ThermoMixer  a t  50°C and 
 




700 rpm for  30 min . After  SDS-PAGE, the gel band of each tempera ture point  
conta in ing a ll proteins was cu t  out , sliced in to smaller  gel pieces to increase 
accessibility to the protease and fur ther  destained (Reinhard et  a l. 2015; Franken et  
a l. 2015). To reduce the number  of missed cleavages, proteins in  each  band were 
proteolyt ica lly digested using both , 0.6  µg lysyl endopept idase (Wako Chemica ls 
GmbH, Neuss, Germany) a t  37°C for  4 h  and 0.5 µg t rypsin  (Sigma -Aldr ich , St . Louis, 
USA) at  37°C, overnight  (Franken et  a l. 2015). Digest ion  was stopped by adding 
formic acid (FA) to a  fina l concent ra t ion  of 0.1%. After  pept ide ext ract ion  (Reinhard 
et  a l. 2015; Franken et  a l. 2015), the samples were lyophilized using the freeze-dryer  
a lpha  2-4 LSC (Chr ist , Osterode, Germany) a t  0.1 mbar  vacuum and 1,650 mbar  
pressure (-40°C, overnight ). The ext racted pept ides were desa lted using SOLAµ 
pla tes (Thermo Fischer  Scient ific, Waltham, USA). Pept ides were diss olved in  0.1% 
FA and in jected in to liquid chromatography-mass spect romet ry. 
LC-MS / MS  analysis  
The pept ides were in jected in to a  C18-RP-column of an  Ult ra -h igh  performance 
liquid chromatography, UHPLC (Ult imate 3000, Dionex/Thermo Fisher  Scient ific, 
Idstein , Germany) coupled with  an  Orbit rap Fusion  mass spect rometer  (Thermo 
Fisher  Scient ific, Waltham, USA). The pept ides were separa ted in  a  35°C 
thermosta t ic chamber  a t  a  4% mobile phase B (80% acetonit r ile in  nanopure water  
with  0.08% formic acid) and 96% mobile phase A (nanopure water  with  0.1% formic 
acid) over  125 min . After  elect rospray ioniza t ion  (ESI), the ions with  a  charge sta te 
of 2-7 were included and fragmented by h igher  energy collisiona l dissocia t ion  with in 
the collision  cell a t  a  normalized collision  energy of 30%. MS scans were measured at  
a  resolu t ion  of 120,000 in  the scan  range of 400– 1600 m / z. Ions for  MS/MS scans 
were isola ted by a  quadrupole and measured a t  a  resolu t ion  of 15,000 in  the 
Orbit rap. The dynamic exclusion  was set  to 30 s with  a  10 ppm tolerance.  
Bioin form atical analysis 
Protein  ident ificat ion  and quant ificat ion  
Proteome Discoverer  (v2.1, Thermo Fischer  Scient ific) was used for  protein 
ident ifica t ion  and quant ificat ion . The MS/MS spect ra  (.raw files) were searched  by 
Sequest  HT against  a  da tabase conta ining 3,233 non -redundant  protein -coding 






CP007201.1). A “common repository of advent it ious proteins da tabase” (cRAP) was 
in tegra ted to exclude contaminants. Trypsin  was selected as protease, and up to 2 
missed cleavages, 10 ppm precursor  and 0.02 Da fragment  mass tolerance were 
a llowed. Pept ides with  < 1% fa lse discovery rate (FDR), XCorr  ≥  2, q -va lue and the 
poster ior  er ror  probability (PEP) ≤  0.01 were considered as ident ified. Proteins were 
quant ified using the average of top three pept ide MS 1-a reas, yielding raw protein 
abundances. The mass spect romet ry proteomics da ta  have been  deposited to the 
ProteomeXchange Consor t ium via  the PRIDE (h t tps://www.ebi.ac.uk/pr ide) par tner  
repository with  the da taset  ident ifier  PXD009308. 
Melt ing curve fit t ing, melt ing poin t  determinat ion , and significance test  
Raw protein  abundances of a ll quant ified proteins were log t ransformed and sca led 
between 0 and 1 by subt ract ing the global minimum and normalizing to the 
abundance at  the lowest  t empera ture of each protein  to yield fold changes (Figure 
S3). Proteins with a t  least  two abundance va lues in  three replica tes were considered 
as quant ified. The average of t hese two or , if ava ilable, a ll three replica tes was 
ca lcu la ted for  each tempera ture poin t  and condit ion (cr it er ion  i). Fur thermore, only 
proteins with  an  average quant ita t ive va lue in  a t  least  five temperature point s (ii) 
were considered for  the melt ing cu rve ana lysis by the adapted R  scr ipt  TPP-TR 
(Reinhard et  a l. 2015; Franken et  a l. 2015). The melt ing curves were ca lcu la ted 
using a  sigmoidal fit t ing approach  with the R  package T PP. This fit t ing was used to 
determine the melt ing poin t  (Tm), which  is defined as the tempera ture a t  which  ha lf 
of the amount  of proteins was denatured . The melt ing poin t  differences (Δ Tm) were 
ca lcu la ted by subt ract ing the Tm with  ethanol from the Tm with  t r ich loroethene 
(Franken et  a l. 2015). The sigmoidal melt ing curves were quality-filtered according 
to the following cr iter ia  (Franken et  a l. 2015): (iii) melt ing curves must  reach  a  
rela t ive abundance plateau  < 0.3 and (iv) the quality of the fit  as expressed by the 
coefficient  of determinat ion  (R2) of both , the t r ich loroethene t rea ted and cont rol 
melt ing curves, must  be > 0.8 in a t  least  two of three replica tes. The sta t ist ical 
significance was ca lcu la ted by using the non-paramet r ic analysis of response curves 
(NPARC) of the R  package T PP, compar ing the spline progression  of the 
t r ich loroethene-t rea ted condit ion  and the ethanol-cont rol. The significance threshold 
was set  to p < 0.01. This est imat ion  was fur ther  adjusted by the Benjamini-Hochberg 
cor rect ion  to exclude potent ia l fa lse posit ives (Franken et  a l. 2015). The quality-
 




filt ered melt ing curve da ta  were used for  figure genera t ion  in R  v3.4.2, by using the 
R packages graphics, stats, and pheatm ap . 
Re su lts  
We analyzed the melt ing proteome of S . m ultivorans to iden t ify protein -subst rate 
in teract ions of the reduct ive dehalogenase with  the subst ra te t r ich loroethene. Fir st , 
we modified the protocol (Franken et  a l. 2015) for  ana lyzing oxygen -sensit ive 
enzymes of bacter ia . Therefore, cu lt ivat ion  of bacter ia , 
cell harvest ing, protein  ext ract ion , subst ra te 
t rea tment , and tempera ture incubat ion  were 
per formed under  st r ict ly anoxic condit ions. An act ivity 
test  of PceA revealed an  in it ia l specific enzyme 
act ivity of 7.7±0.9 nkat /mg, which  decreased to 2.8±0.5 
nkat /mg after  cell lysis. This shows tha t  the reduct ive 
dehalogenase did reta in  enzyme act ivity a fter  sample 
prepara t ion . 
The samples were t reated with  either  t r ich loroethene 
or  ethanol as a  cont rol. Afterward, the samples (each 
a liquot ) were exposed to one out  of t en  different  
t empera tures in  the range from 43 to 97°C. The 
denatured proteins were separa ted from the na t ive 
proteins by ult racent r ifugat ion . After  mass 
spect rometr ic ana lysis of the nat ive fract ion  and 
sta t ist ica l ana lysis, the proteins were quality-filt ered 
and fit t ed to protein  melt ing curves. In  tota l, 1,335 of 
t h e  id e n t i fi e d  p r ot e in s  w e r e  q u a n t i fie d ,  w h ich   
Figu re  8. P roteome coverage of S . 
m ultivorans. The predicted proteome 
is compared to the number  of 
quan t ified proteins, sigmoidal 
protein  melt ing curves, and protein  
melt ing curves with  a  sign ifican t  








Figu re  9. (A) Hea tmap of the thermal stability of a ll proteins exposed to t r ich loroethene 
(TCE, r igh t ) or  ethanol as a  con t rol (left ). The colors indica te protein  abundance levels of the 
non-denatured protein  fract ions a fter  incuba t ion  a t  one of ten  tempera tures. Shown are 
rela t ive abundances normalized to the abundance a fter  incubat ion  to the lowest  tempera ture 
(43°C). (B) Two representa t ive protein  melt ing cu rves with  and without  TCE t rea tment , 
ca lcu la ted by a  sigmoidal fit t ing approach  over  the tempera ture range. The melt ing  
tempera ture (Tm) represen ts the tempera ture a t  which  ha lf of the protein  is denatured. (C) 
The reproducibility of the thermal proteome profiling displayed by the coefficien t  of 
determinat ion  (R2) of two replica tes each . (D) Volcano plot  of the melt ing tem pera ture 
differences (ΔTm) between TCE-exposed and cont rol-proteins and their  Benjamin i-Hochberg 
adjusted p-va lues. The ver t ica l and hor izon ta l lines mark the th reshold for  adjusted p -va lue 
(< 0.01) and ΔTm (mean  ± 1 standard deviat ion). SMUL_2525, acetyl-coenzyme A; 
SMUL_1644, acetolacta te syn thase α-subunit ; SMUL_2488, 
phosphomannomutase/phosphoglucomutase; SMUL_2383, hydrogenase -4 component  A; 
PceA, reduct ive dehalogenase. 
 




compr ises about  42% of the predicted protein -coding sequences (Figure 8). After  a  
st r ingent  sta t ist ical filt er ing procedure (Figure S3) we obta ined h ighly va lid 
sigmoidal melt ing curves from 435 proteins (Tab. S1), with  an  average st andard 
er ror  of 7%. 
In  genera l, the protein  abundance levels show tha t  the nat ive protein  fract ions 
decrease with increasing tempera tures (Figure 9A). The da ta  allowed the ca lcu lat ion 
of protein melt ing curves by sigmoidal curve fit t ing (Figure 9B). Of a ll protein 
melt ing curves, 73% reached a  pla teau  of zero a t  h igher  t emperatures (e.g., F igure 
9B). Of the organohalide respiratory core region  (Gor is et  a l. 2015) 31 gene products 
were ident ified; for  n ine an  average sigmoidal melt ing curve could be ca lcu la ted , and 
a  melt ing curve ana lysis could be conducted (Figure S1). Melt ing curves for  proteins 
produced from the organohalide respira tory core region include the reduct ive 
dehalogenase PceA (SMUL_1531, Figure 10A), an  IscU/NifU-like protein 
(SMUL_1533) which  might  a id in  PceA maturat ion , severa l proteins predicted to be 
involved in  cor r inoid synthesis (SMUL_1544, 1545, 1547, 1548, 1551, 1559, 1560, 
1562) and two flavin -conta in ing proteins, the FeS-cluster  binding flavoprotein 
(SMUL_1573) and a  puta t ive flavin  mononu cleot ide-binding protein  (SMUL_1575).  
Table  1. P roteins with  a  sign ifican t  melt ing curve sh ift . The p-va lues a re adjusted according 
to Benjamin i-Hochberg, and the reduct ive dehalogenase PceA is h igh ligh ted in  red. su ., 
subunit . 
 
Locu s  tag  P rote in  de scription  
adj. 
p -va lu e  
ΔTm  
(°C) 
SMUL_2383 hydrogenase-4 component  A, FeS cluster  con ta in ing su . 0.00000 12.4 
SMUL_0693 ou ter  membrane lipoprotein  omp16-like 0.00275 7.8 
SMUL_1531 tet rach loroethene reductive dehalogenase ca ta lyt ic su . 
PceA 
0.00283 5.5 
SMUL_0481 LSU r ibosomal protein  L11p (L12e) 0.00065 2.5 
SMUL_0593 pept ide cha in  release factor  2 0.00002 1.4 
SMUL_2819 L-asparaginase 0.00004 1 
SMUL_2009 phosphor ibosylaminoimidazole-succinocarboxamide 
syn thase 
0.00658 0.5 
SMUL_0563 t ransla t ion  elongat ion  factor  Ts  0.00241 -0.6 
SMUL_1098 single-st randed DNA-binding protein   0.00002 -0.8 
SMUL_2912 YceI family protein  0.00275 -1.1 
SMUL_0552 fumara te reductase iron -su lfur  protein  0.00653 -1.2 
SMUL_2097 hypothet ica l protein  0.00275 -1.8 
SMUL_0850 ur idyla te kin ase 0.00283 -2.2 
SMUL_2488 phosphomannomutase / phosphoglucomutase 0.00275 -4.5 
SMUL_0273 molybdopter in  oxidoreductase, cha in  B 0.00567 - 
SMUL_1442 isocit ra te dehydrogenase [NADP] 0.00275 - 
SMUL_1644 acetolacta te syn thase small su . 0.00822 - 
SMUL_1909 hypothet ica l protein  0.00567 - 






SMUL_2525 acetyl-coenzyme A carboxyl t ransferase a lpha  cha in  0.00196 - 
Melt ing tempera tures (Tm) were defined as the temperature a t  which  ha lf of the 
protein amount  has been  denatured (Tab. S1). The median  Tm of a ll S . m ultivorans 
proteins was a t  73°C (Figure S2). To assess the reproducibility of the TPP, the 
melt ing tempera tures of the individual replica tes were cor rela ted to each  other  
(Figure 9C). The Tm values of two replicates each  were linear  fit t ed, yielding 
coefficients of determinat ion  ranging from R2 = 0.58 to 0.84. 
 
Figu re  10. Subst ra te-protein  in teract ion  of selected proteins. (A) Melt ing curves of PceA and 
the response regu la tor  (both  a re encoded in  the organohalide respira tory gene region) showed 
a  melt ing tempera ture (Tm) sh ift  towards h igher  tempera tures upon  t r ich loroethene (TCE) 
t rea tment . (B) Three melt ing curves of prot eins with  no sign ifican t  Tm sh ift s a fter  TCE 
t rea tment . Er ror  bars indica te standard er rors of n=3 a t  ten  differen t  tempera ture poin ts. A 
sign ifican t  melt ing curve sh ift  (adj. p<0.01) is represen ted by an  aster isk . R2 = coefficien t  of 
determinat ion  
To show the effect  of t r ich loroethene t reatment  on  the stability of the proteome, the 
Tm sh ift  (ΔTm = TmTCE –  Tmcont rol) and their  adjusted p-va lues a re displayed 
(Figure 9D). 82 protein melt ing curves (19%) have a  mean ΔTm ou tside the mean ±1 
standard devia t ion  (ΔTm < -1.8°C or  ΔTm > 4.1°C). Of the 435 protein  melt ing curves, 
 




20 were significant ly sh ifted, i.e., exhibit  an  adjusted p < 0.01 after  Benjamini-
Hochberg correct ion  (Table 1). These a re candida tes for  in teract ion with 
t r ich loroethene. In  tota l, five of the 20 significant  protein  melt ing curves fa ll outside 
the two thresholds (Figure 9D), including the reduct ive dehalogenase PceA (Δ Tm = 
5.5°C, adj. p-va lue = 0.0028, Figure 10A). The melt ing curve sh ift  of the reduct ive 
dehalogenase was va lida ted by western  blot  ana lysis (Figure S4). Also, the PceA-
associa ted response regula tor  (SMUL_1539), most  probably involved in  the induct ion 
of t et rachloroethene respira t ion , showed a  Δ Tm of 4.6°C, which , however , could not  
be sta t ist ica lly tested (Figure 10A), because of too many missing va lues in  the curves 
(Tab. S1). The cor responding membrane-bound putat ive h ist idine kinase 
(SMUL_1538) was not  detectable. 
Three proteins of different  funct ional classes, loca liza t ions, and abundances (30-/40-
/38-fold less abundant  than  PceA) were selected as representat ive examples showing 
no significant  melt ing curve sh ift  (Figure 10B). The t ryptophan synthase 
(SMUL_0559) is involved in  the amino acid synthesis , the TetR family protein 
(SMUL_1358) is a  gener ic t ranscr ipt ional regula tor  and the ATP synthase delta  
subunit  (SMUL_0684) is a  membrane-associa ted representa t ive of the energy 
metabolism. 
Discu ss ion  
Direct  detect ion of protein  in teract ions in  organohalide-respir ing bacter ia  is a  major  
cha llenge. Therefore, we modified the TPP method to monitor  changes in  protein 
thermal stability across the whole proteome of oxygen -sensit ive bacter ia l cells  and 
the subst ra te specificit ies of reduct ive dehalogenases. In  tota l, about  33% of the 
quant ified proteins yielded a  melt ing curve. Compared to Savit ski et  a l. (2014), we 
have fewer  ident ificat ions, which  is due to our  label-free approach . However , our  
result s a re similar  to other  label-free studies (Leuenberger  et  a l. 2017) and h ighly 
va lid and reproducible due to our  comprehensive sta t ist ica l filt er ing procedure. 
Proof of enzym e-substrate in teractions 
While the melt ing tempera ture of most  background proteins was vir tua lly 
unchanged by exposure to t r ich loroethene, the reduct ive dehalogenase PceA 
exceeded the st r ingent  p-va lue and melt ing temperature sh ift  thresholds. The 






ana lysis. In  former  studies, PceA was shown to be the only reduct ive dehalogenase 
protein  produced in  S . m ultivorans when cult iva ted with  tet rachloroeth ene (Gor is et  
a l. 2015). It s abundance correla ted with  tet ra -and t r ich loroethene dechlor ina t ion 
act ivity (J ohn et  a l. 2009). The subst ra te specificity of PceA towards t r ich loroethene 
was suppor ted by TPP, providing a  proof-of-concept  tha t  TPP is a  su itable 
inst rument  to study enzyme-subst ra te in teract ions. The stabiliza t ion  of an  enzyme 
by it s subst ra te fir st  might  sound counter in tu it ive, since a  subst ra te, unlike a  ligand, 
is conver ted by the enzyme. However , our  da ta  show tha t  the enzyme-subst ra te 
complex endures long enough to induce a  detectable stability sh ift  of the enzyme. We 
promoted the stability of the enzyme-subst ra te complex by omit t ing the elect ron 
donor  for  the dehalogenat ing react ion , e.g., r educed methyl viologen, thereby 
blocking the t ransformat ion  of t r ich loroethene. The binding of, e.g., the inhibitor  
methot rexa te to the dihydrofolate reductase, which  was detectable by TPP (Mar t inez 
Molina  et  a l. 2013), occurs via  in termolecular  forces, or  more specifica lly ionic bonds 
(Schlegel et  a l. 1981). It  is therefore comparable to the binding of t r ich loroethene to 
PceA, which  was shown to occur  mainly via  van  der  Waals contact s in a  hydrophobic 
act ive sit e pocket  (Bommer  et  a l. 2014).  
A protein  with  a  melt ing sh ift  curve which  did not  pass the applied st r ingent  filt er  
cr it er ia  was the puta t ive response regula tor  (SMUL_1539) of the puta t ive PceA 
regula tory two-component  system (Gor is et  a l. 2015). According to the classica l two-
component  regula tory system model (Groisman 2016), the h ist idine kinase would be 
the protein  sensing the t r ich loroethene and upon binding act iva t ing the response 
regula tor  by phosphoryla t ion . Hence, the stabiliza t ion  of the response regula tor  by 
t r ich loroethene should be indirect . Thermal stability of a  protein  depends on  bound 
ligands, post t ransla t iona l modifica t ions, other  proteins or  cofactors. Savit ski et  a l. 
(2014) demonst ra ted how down -st ream effectors show Tm sh ift s, even  if the effector  
does not  bind to the ligand it self: Kinase inh ibitor  t reatment  not  only caused T m  
sh ift s of kinases but  a lso of a  phosphatase and an  adaptor  protein  binding 
phosphoryla ted proteins. To da te, the role of the two-component  system in  S . 
m ultivorans has only been  inferred from sequence a lignments and proteomic studies 
(Gor is et  a l. 2014; Gor is et  a l. 2015). More deta iled biochemica l ana lyses fa iled 
because of the difficult ies when working with  organohalide-respir ing bacter ia , 
including the unfeasible genet ic manipulat ion  and obst ructed heterologous 
expression . Therefore, our  data  on the indirect  in teract ion  of the puta t ive response 
 




regula tor  SMUL_1539 with  t r ich loroethene offer  a  va luable indicat ion  about  the 
t ransmission  of the signal from t r ich loroethene to expression  of the organohalide 
respira tory gene region  gene region .   
The unaltered melt ing curves of most  proteins suppor t  the hypothesis tha t  only a  
few proteins direct ly interact  with  t r ichloroethene, cor responding to the observa t ion 
tha t  most  of the genes outside the organohalide respira tory region  have or thologs 
a lso in  non-dehalogenat ing S ulfurospirillum  spp. (Gor is et  a l. 2014).  
Other proteins affected  by trich loroethene 
Besides PceA, 19 fur ther  proteins with significant  t r ich loroethene-induced thermal 
stability changes were ident ified. Those neither  have any hypothesized rela t ion t o 
organohalide respirat ion  nor  a re encoded in  any cluster  supposed to be involved in 
organohalide respira t ion  (Gor is et  a l. 2014) nor  were specifica lly induced by 
chlor ina ted ethenes (Gor is et  a l. 2015). Therefore, they are assumed to be fa lse-
posit ives. They include two proteins whose subst ra tes a re similar  in  molecular  size 
to t r ich loroethene, i.e., fumara te and pyruvate (fumara te reductase iron -sulfur  
protein , SMUL_552; acetolactate synthase small subunit , SMUL_1644). In  genera l, 
biophysica l methods such  as ligand-binding studies using thermal sh ift  assays on  
pur ified proteins a re considered to produce only a  few fa lse-posit ive result s 
(Mart inez Molina  et  a l. 2013) and our  study is in  line with  tha t . 
Protocol adaptations to trich loroethene-tolerant, oxygen-sensitive bacteria  
Peng et  a l. (2016) used E. coli protein  ext ract  and quant ified the denatured protein 
fract ion . They observed tha t  a t  70°C most  proteins a re st ill in  solu t ion . We 
circumvented th is cha llenge by increasing the tempera ture range up to 97°C instead 
of approx. 70°C, which  was used in  most  other  studies on  mammalian  cells  (Savit ski 
et  a l. 2014; Tan et  a l. 2015; Qin  et  a l. 2015). Thus, the melt ing curves of the major ity 
of proteins reached a  base of zero a t  the h ighest  t empera tures. The median  melt ing 
poin t  of the S . m ultivorans proteins (73°C) lies between the Tm-average of human 
cells, yeast  or  E. coli (51-59°C) and T herm us therm ophilus (81°C) (Savit ski et  a l. 
2014; Reinhard et  a l. 2015; Leuenberger  et  a l. 2017). Since S . m ultivorans is a  
mesophilic organism, the h igh  median  melt ing poin t  might  h int  a t  an  adaptat ion  of 
the proteins towards solvent  st ress, to which  proteins might  develop similar  






hydrophobicity (Ding et  a l. 2012). However , fur ther  TPP studies with  other  bacter ia  
a re required to prove the reason for  the specific protein  melt ing poin t s. 
Impor tant  to note is tha t  we modified our  protocol to exclude oxygen dur ing cell 
harvest ing, protein extract ion subst ra te, and tempera ture incubat ion. All working 
steps were accomplished in  an  anaerobic chamber  or  gas -t ight  tubes and by adding 
cysteine to a ll used buffers. These modifica t ions were preceded by an  elabora te 
opt imiza t ion  procedure. Another  cha llenge of using TPP for  bacter ia l applicat ions is 
tha t  protein  ext ract ion is not  as efficient  and reproducible as in mammalian  cells 
(Tan and Yiap 2009). As a  consequence, in stead of using in tact  cells for  subst ra te 
and tempera ture incubat ion , we used a liquoted cell lysa te.  
Future im plications 
The benefit  of TPP is tha t  protein -protein  and protein -subst ra te in teract ions can  be 
invest iga ted under  near ly physiologica l condit ions. TPP is therefore h ighly su itable 
for  organohalide-respir ing bacter ia  because rela ted studies suffer  from high  oxygen  
sensit ivity of their  enzymes, poor  biomass yields, impeded enzyme pur ificat ion  and 
missing heterologous expression  systems. As we have shown in  our  study, TPP is a  
favorable screening method to reduce the list  of potent ial proteins interact ing with 
ha logenated compounds for  subsequent  molecular , biochemica l va lida t ions.  
In  fu ture, TPP cou ld resolve subst ra te specificit ies of reduct ive dehalogenases with  
unresolved subst ra te spect rum, e.g., of Dehalococcoides m ccartyi  or  
Desulfitobacterium  spp . (Hug et  a l. 2013; Türkowsky et  a l. 2018b; Kruse et  a l. 2017). 
It  might  a lso serve to elucida te the associa t ion of reduct ive dehalogenases with  the 
respira t ion complex by compar ing the Tm values of different  reduct ive dehalogenases. 
In  D. m ccartyi, severa l studies indica te tha t  elect ron  t ransfer  does not  occur  via  a  
classica l elect ron  t ranspor t  cha in  involving quinones, but  with in  a  la rge mult iprotein 
complex, the composit ion  of which  is not  ent ir ely resolved (Kublik et  a l. 2016; 
Har twig et  a l. 2017). The su itability of TPP for  studying protein  complexes was 
demonst ra ted by Savit ski et  a l. (2014) and Bai et  a l. (2014). 
Con clu s ion  
The protein  in teract ion of a  reduct ive dehalogenase with  it s specific subst ra t e and 
indirect ly it s response regula tor  was demonst ra ted using the TPP method. Our  
findings provide usefu l complementary informat ion  on  their  protein  stability.  The 
 




TPP protocol is t ransferable to other  bacter ia , even  though the opt imal t emperature 
range needs to be defined for  the organism and proteins of in terest . To test  the 
protein binding to one subst ra te, approximately 3 mg protein  amount  is required per  
replicate, with  addit iona l 1.5 mg per  addit ional subst ra te. TPP will fur ther  help us 
to resolve the specificit ies and regula tory circu it s of reduct ive dehalogenases towards 
many different  subst rates, which  are among the most  unresolved fields in  research 
on  organohalide-respir ing bacter ia , but  a lso to ga in  insight s in to the physiology of 
other  slow-growing or  difficult  to study bacter ia . 
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Our  understanding of organohalide-respir ing bacter ia  depends on  the toolbox tha t  is 
ava ilable for  ana lyzing them. A wide range of t ranscr iptomic studies on 
organohalide-respir ing bacter ia  has been  conducted. These techniques a re va luable 
and indispensable, especia lly because of their  reliable quant ifica t ion  and sensit ivity 
but  provide only informat ion  about  the precursors of the actua l act ive components in 
cells, the proteins. In  the last  decade, the focus has more and more sh ifted towards 
proteomic studies, providing the major  advantage of giving a  closer  look to the 
physiologica l situa t ion  in  the cell, and th is development  was boosted by methodica l 
advances. St ill, par t  of the informat ion  to elucida te regula tory networks and actua l 
enzyme act ivit ies were missing. In  th is thesis, effor t s have been  made to br idge th is 
gap by combining different  t echniques with standard proteomic workflows and 
thereby extending the toolbox for  organohalide-respir ing bacter ia .  
3.1 The application of ‘omics’ to organohalide-respiring 
bacteria 
Many organohalide-respir ing bacter ia  grow slowly and yield only low amounts of 
biomass, which  makes t hem difficu lt  to study with  standard biochemica l approaches .  
Enzyme pur ifica t ions and character iza t ions  were accomplished in  some studies but  
a re very cha llenging (J ugder  et  a l. 2016b). There a re only a  few examples of 
successfu l genet ic manipula t ion  of organohalide-respir ing bacter ia . These include 
unspecific t ransposon inser t ion  in  Desulfitobacterium  dehalogenans  (Smidt  et  a l. 
1999) as well as the cloning of a  fumara te reductase (Smidt  et  a l. 2001) and a  St rep-
tagged var iant  of the S . m ultivorans t et rachloroethene reduct ive dehalogenase gene 
 




(pceA) (Kunze et  a l. 2017). However , the genet ic manipula t ion  of S . m ultivorans was 
h ighly inefficient  and could not  be t ransfer red to other  genes up to now.  
Because of these obst ruct ions to wet  lab exper iments with  organohalide-respir ing 
bacter ia , omics studies helped a  lot  to ga in  insight  in to the physiology of 
organohalide-respir ing bacter ia  (Publicat ion  1 (Türkowsky et  a l. 2018b)). Genomics 
served as a  pla t form from which  fur ther  studies were planned and were a  
prerequisite for  proteomic searches (see Figure 3, p. 24) (e.g., Gor is et  a l. 2014; Kube 
et  a l. 2005; Seshadr i et  a l. 2005). Proteomics and t ranscr iptomics invest iga ted global 
gene expression  and gene product  abundances in  response to different  environmenta l 
condit ions (e.g., Pör itz et  a l. 2015; J ohnson et  a l. 2009; Peng et  a l. 2012; Lee et  a l. 
2012; Gor is et  a l. 2015). The ana lyses of the proteome provide da ta  which  are closer  
to the actua l physiology of an  organism  but , as they much more depend on  the 
amount  of sta r t ing mater ia l than  t ranscr iptomics, suffer  from the low amount  of 
ava ilable biomass of many organohalide-respir ing bacter ia . Addit iona lly, they can  
fa il in  detect ing, e.g., membrane, very small or  low-abundant  proteins or  proteins 
with  ext reme physicochemica l proper t ies (Rowe et  a l. 2015; Depke et  a l. 2015). 
Transcr iptomic assays have the advantage of being able to detect  the gene products 
of difficu lt  to study proteins, even  though the linear  range of microarrays does not  
a llow reliable quant ifica t ion . Addit iona lly, t ranscr iptome data  miss complex 
regula tory processes which  opera te a fter  t ranscr ipt ion . These include RNA 
degradat ion , different  t ransla t ion  in it ia t ion  ra tes, codon usage, amino acid 
composit ion  (Abreu  et  a l. 2009; Van Assche et  a l. 2015) or  r iboswitches. Riboswitches 
have been  ident ified in the genome of D. m ccartyi (J ohnson et  a l. 2009; Men et  a l. 
2011; Mansfeldt  et  a l. 2016), Desulfitobacterium  hafn iense (Choudhary et  a l. 2013) 
and Dehalobacter restrictus  (Rupakula  et  a l. 2015). With  proteomics having 
t remendously improved dur ing the last  decades due to the Orbit rap technology and 
exponent ia lly increasing comput ing power , the advantage of t ranscr iptomic 
approaches is becoming less pronounced.  
F ir st  global proteome approaches on  organohalide-respir ing bacter ia  a imed a t  the 
ident ifica t ion  of reduct ive dehalogenases to link them to the overa ll physiological 
act ivity of the organism. They enabled an  overview of only a  few proteins (< 9% 
proteome coverage) (Morr is et  a l. 2006; Morr is et  a l. 2007). Technica l achievements 
and efficient  sample preparat ion  made the ana lysis of thousands of proteins and 






Proteome coverages of 53 to 72% a llowed the va lida t ion  of t ranscr iptome result s 
regarding the link between overa ll physiology and reduct ive dehalogenases (Pör itz et  
a l. 2015). St ill, low abundant  and membrane-in tegra l proteins were difficult  to 
ident ify (Schiffmann et  a l. 2014b; Gor is et  a l. 2015). We have made fur ther  
substant ia l cont r ibut ions to proteomics on  organohalide-respir ing bacter ia . This was 
accomplished by fur ther  improving proteome coverage, especia lly of membrane 
proteins (Publica t ion  2 (Türkowsky et  a l. 2018a)), and by extending the proteome 
analyses from dechlor ina t ing pure to cocultures and complex consor t ia , which  are 
more relevant  in  na tura l environments (Kruse et  a l. in  prepara t ion; Lechner  et  a l. in  
revision).  
One impor tant  conclusion  from the review of a ll published omics studies (Publica t ion 
1 (Türkowsky et  a l. 2018b)) was the big gap in  understanding the role of accessory 
proteins in  organohalide-respir ing bacter ia . D. m ccartyi produced most  of them 
sporadica lly and inconsistent ly. RdhP, RdhR, and RdhS were most ly produced 
ir respect ive of whether  or  not  the corresponding rdhA  gene was expressed, 
suppor t ing their  assumed role in regula t ion . Apar t  from these expression  da ta , only 
two in  vitro studies were conducted with  the MarR-type regula tor  of D. m ccartyi 
(Wagner  et  a l. 2013; Krasper  et  a l. 2016). Similar ly, only hypotheses exist  about  the 
role of the accessory proteins in  S . m ultivorans, which  are based on  sequence 
compar isons and gene expression  (Gor is et  a l. 2015; Gor is et  a l. 2014). But  a lso the 
role of the RdhAs seems to be uncer ta in . Usually, severa l different  RdhAs are 
produced by D. m ccartyi or  Dehalobacter sp. However , there is a  lack of correla t ion 
between the number  of reduct ive dehalogenases produced a t  a  par t icular  t ime poin t  
and the capability to dehalogenate different  subst ra tes (Figure 11). Usually, D. 
m ccartyi st ra ins produce one par t icu lar  dominant  RdhA, while the others have 
ra ther  low abundances. Thus, it  is unclear  whether  all RdhAs are actua lly direct ly 
involved in  organohalide respira t ion  or  serve different  funct ions, especia lly because 
the expression  of some rdhA genes was found to be cor rela ted to, e.g., st ress 
(Publica t ion  1 (Türkowsky et  a l. 2018b)). These result s encouraged us to implement  
novel tools for  ana lyzing regula t ion  and subst ra te specificit ies of RdhAs. The review 
a lso revea led the synergies provided by combining different  approaches, e.g., 
t ranscr iptomics and proteomics. Proteomics  studies have a lready been extended in 
the past , a llowing the ana lysis of protein  complexes (Kublik et  a l. 2016), cofactors 
(Schipp et  a l. 2013) or  metabolic pathways (Marco-Urrea et  a l. 2012). The methods 
 




developed in  the course of th is thesis provide a  fur ther  refinement  and advancement  
of the ava ilable proteomic approaches by combining them with  other  t echniques, 
such  as the ana lysis of post t ransla t ional modifica t ions (Publica t ion  2 (Türkowsky et  
a l. 2018a)), protein -protein  and protein -subst ra te in teract ions (Publica t ion  3 
(Türkowsky et  a l. in  revision), Publica t ion  4 (Har twig et  a l. 2017)). 
 
Figu re  11. The number  of possible dehalogenated in termedia tes produced from ch lor ina ted 
subst ra tes and the number  of RdhA proteins or  rdhA  t r anscr ipts produced in  different  
st ra ins of D. m ccartyi and  D. restrictus after  cu lt iva t ion  with  the respect ive subst ra te. Only 
in termedia tes which  can  be fu r ther  dehalogenated are counted. Numbers a re based on  the 
h ighest  number  of in termedia tes detected in  the ava ilable studies  (Pör itz et  a l. 2015; 
J ayachandran  et  a l. 2003; Löffler  et  a l. 2013; Adr ian  et  a l. 2007a; Wong et  a l. 2016; Kr use et  
a l. 2013; Alfán -Guzmán et  a l. 2017), and on  the h ighest  number  of RdhAs or  rdhAs detected 
in  pure cu ltu res (Rupakula  et  a l. 2015; J ugder  et  a l. 2016a; Sch iffmann  et  a l. 2014b; Morr is 
et  a l. 2006; Werner  et  a l. 2009; Lee et  a l. 2012; Men et  a l. 2011; Mansfeldt  et  a l. 2014; 
J ohnson  et  a l. 2008; J ohnson  et  a l. 2009) (Türkowsky et  a l., unpublished da ta). 
3.2 Parallel proteome and acetylome analysis 
By extending the levels of gene expression  considered, t he ana lysis of post -
t ransla t iona l modifica t ions cont r ibutes to an even more accura te view of the cells’ 
biochemica l machinery than  one provided by the mere proteome. Our  study showed 
tha t  S . halorespirans undergoes a  similar  type of long-term regula t ion  of the 






and acetyla t ion  sta tus changes dur ing the metabolic t ransit ion  from 
tet rachloroethene, a  ha logenated, to n it ra te, a  non -ha logenated subst ra te 
(Publica t ion  2 (Türkowsky et  a l. 2018a)). With  only a  few proteomic studies ava ilable 
for  organohalide-respir ing bacter ia  (Publica t ion  1 (Türkowsky et  a l. 2018b)), our  
work provides the second proteome da taset  of S ulfurospirillum  sp., while 
substant ia lly improving the proteome coverage as compared with  the proteome 
analysis of S . m ultivorans (Gor is et  a l. 2015).  
 Specific challenges for the analysis of protein lysine 3.2.1
acetylations 
Classica l shotgun proteomic approaches can  only give a  glimpse on  the proteins , 
which  the cells produced a t  one point  to a  par t icu lar  abundance. By analyzing post -
t ransla t iona l modifica t ion s, fur ther  informat ion  about  the act ivity of proteins and 
their  regula t ion  can  be ret r ieved. Therefore, in  my thesis, I established the ana lysis 
of post -t ransla t iona l modifica t ions for  two different  kinds of organohalide-respir ing 
bacter ia , S . halorespirans (Publica t ion  2 (Türkowsky et  a l. 2018a)) and D. m ccartyi 
(da ta  not  shown). For  the ana lysis of protein  acetyla t ions , the standard shotgun 
proteomic workflow (Figure 3, p. 24) had to be modified (Figure 6, p. 28). The basis 
for  our  acetylome study was la id by Zhang et  a l. (2009), Schilling et  a l. (2015) and 
Carabet ta  et  a l. (2016), who successfu lly ana lyzed the acetylome of E. coli and 
Bacillus subtilis cells. To enable acetylome-profiling and to simplify the complexity of 
the sample mat r ix, the often  low-stoichiomet r ic lysine acetylat ions have to be 
enr iched pr ior  ana lysis. In  cont rast  t o the intensively studied protein 
phosphoryla t ions, which  are usua lly enr iched by immobilized meta l a ffin ity 
chromatography or  t it an ium dioxide (Ficar ro et  a l. 2009; Pinkse et  a l. 2011), acetyl 
residues show few specific chemica l and physica l proper t ies, such  as polar ity or  
ster ic st ructure. Therefore, immunoprecipitat ion  is the most  common approach  for  
their  isola t ion (Ouidir  et  a l. 2016). The combinat ion  of severa l different  an t ibodies–
as rea lized by our  polyclonal an t ibodies– is prefer red over  the use of only one 
monoclonal an t ibody to capture acetyla ted lysine residues embedded in  a  var iety of 
sequences and thus increase binding efficiency (Carabet ta  and Cr istea  2017; Ouidir  
et  a l. 2016). The ant ibodies were chosen  to be incubated with  the ext ract  after 
proteolyt ic digest ion to increase accessibility of the acetyla t ion  sit es and to minimize 
non-specific in teract ions and precipita t ions  (Zhang et  a l. 2009). As the ant ibodies 
 




were a t tached to a  solid phase of protein  A-conjugated agarose beads, they were able 
to be washed and the acetyla ted pept ides ret r ieved by acidic elut ion . Subsequent ly, 
acetyla ted pept ides were ident ified by mass spect romet ry. The acetyla t ion  sit es could 
be precisely loca lized with in  the pept ide by the character ist ic MS2-sh ift  of the y-ions 
upst ream and the b-ions downst ream of the acetyla ted lysine by +42.011 Da, a s 
exemplar ily demonst rated for  an  acetyla ted pept ide of the response regula tor  
SHALO_1503 (Figure 4D, p. 25). We used a  t andem mass spect rometer  with  the 
h ighest  resolu t ion to enable the different iat ion  of acetyla t ions from the near ly 
isobar ic t r imethyla t ion (+42.047 Da). Acetyla t ion  sit es can  be fur ther  confirmed by 
manual inspect ion  of the MS/MS-spectra  for  the occurrence of a  specific immonium-
ion  a t  m/z = 126 (Downey and Baetz 2016; Ouidir  et  a l. 2016). To different ia te 
between acetylat ion  differences as a  result  of acetyla t ion  level changes of a  protein 
from those due to protein  abundance changes, we in  para llel isola ted the proteome, 
using the same procedure as for  the acetylome analysis. After  individual 
quant ificat ion , acetyla t ion  abundances were rela ted to protein  abundances. 
Alterna t ive acetylomic approaches compr ise the prefract ionat ion  of proteins or  
pept ides before enr ichment  by isoelect r ic focusing or  st rong cat ion  exchange 
chromatography to ensure bet ter  coverage of acetylat ions from low-abundant  
proteins (Ouidir  et  a l. 2016). Fur thermore, to get  an idea about  the funct ion  of a  
lysine acetyla t ion , more exact  informat ion about  it s stoich iomet ry with in  a  
par t icular  protein  species is va luable. A low percentage of protein  acetyla t ions can 
h in t  a t  a  regula tory role, whereas a  h igh  percentage might  indica te a  more 
fundamenta l effect  on the protein  st ructure and it s in teract ions with  other  
molecules. This informat ion  can  be ret r ieved by, e.g., chemica l acetyla t ion  with 
labeled acet ic anhydr ide and the compar ison  with  the na t ive acetyla t ion  sta te 
(Carabet ta  and Cr istea  2017).  
 Insights into the metabolism of S. halorespirans 3.2.2
The yield of detectable acetylated pept ides depends on the amount  of the sta r t ing 
mater ia l. Therefore, the coverage of the proteome data  should be a lready as 
comprehensive as possible. Our  improved proteomic workflow increased the yield by 
29% compared to a  previous study on  S . m ultivorans (Gor is et  a l. 2015). It  compr ised 






combinat ion  of two cell lysis t echniques (four  freeze/thaw cycles and u lt rasonica t ion) 
and an  extended set  of proteolyt ic enzymes (t rypsin  and lysyl endopept idase). 
Especia lly many more small and membrane proteins, which  are in  focus of our  
in terest  when assessing respira tory processes, could be ident ified in our  da ta  (Figure 
12). Previously unident ified proteins in  S . m ultivorans  include the organohalide 
respira t ion-rela ted h ist idine kinase SHALO_1503 (or tholog SMUL_1538) and the 
puta t ive quinol dehydrogenase membrane subunit  SHALO_1506 (SMUL_1542) 
(Figure 13), suppor t ing their  proposed role in  organohalide respira t ion. Addit iona lly, 
a  por in  was specifica lly induced by tet rachloroethene. 
 
Figu re  12 . P rotein  loca liza t ion  of proteins with in  the detected proteome of S . halorespirans 
(th is study) and S . m ultivorans (Gor is et  a l. 2015) compared with  the predict ed proteome of 
both  organ isms. 
Fur thermore, we accomplished an  in -depth  analysis of the acetylome, r epresented by 
32% of a ll proteins found to be acetylated in  at  least  one condit ion . The da ta  indica te 
a  potent ial involvement  of protein  lysine acetyla t ions in  the regula t ion  of the 
cont inued product ion of the organohalide respira t ion  machinery when no 
ha logenated elect ron  a ccep t or  is  p r ovid ed  (F igu r e  13).  I t  i s  a s s u m ed  t h a t  in  
or ga n oh a l id e -r e s p ir in g  
 





Figu re  13 . Model of the organohalide respira tory cha in  and it s pu ta t ive two-component 
regu la tory system in  S . halorespirans and the average protein  abundances on 
tet rach loroethene (t0), a fter  six (t6) and 60 t ransfers (t60) on  n it ra te (th ree boxes, as 
measured in  Publica t ion  2 (Türkowsky et  a l. 2018a)). E lect rons a re der ived from pyruvate 
probably by the pyruvate-fer redoxin /flavodoxin  oxidoreductase (PFOR, SHALO_2324) and 
channeled via  fer redoxin  (Fd , a ll quan t ified proteins marked by locus -tag SHALO_x), NADH -
ubiqu inone oxidoreductase (ε-Nuo, subunits A-N, SHALO_0182-0195), the qu inone pool, the 
pu ta t ive qu inol dehydrogenase (Qdh, SHALO_1505-1506) to the termin al elect ron  acceptor , 
the ca t a lyt ic subun it  of the tet r ach loroethene reduct ive dehalogenase (PceA, 
SHALO_1495/SMUL_1531), which  is probably lin ked to the membrane by it s membrane 
anchor  (PceB, SHALO_1496). The protein  h ist idine kinase (HK, SHALO_1503/SMUL_1538) 
of the two-component  system II probably senses the tet ra - or  t r ich loroethene, is 
au tophosphoryla ted and act iva tes the cor responding response regu la tor  (RR, 
SHALO_1502/SMUL_1539) by phosphoryla t ion . Consequent ly, the response regu la tor  binds 
the DNA leading to expression  of the organohalide respira tory gene region . The 
acetylt ransferase SHALO_1415 is a  candida te for  acetyla t ing both  components of the two-
component  system, which  cou ld lead to prolonged act iva t ion  of the response regu la tor  when 
tet rach loroethene is not  presen t  anymore. In  a  proof-of-concept  exper iment  in  S . m ultivorans, 
the direct  and indirect  in t eract ion  of t r ich loroethene with  PceA and the RR, respect ively, was 
confirmed by their  protein  melt ing curve sh ift s (as determined in  Publica t ion  3 (Türkowsky et  






S ulfurospirillum  spp., a  two-component  regula tory system is r esponsible for  
regula t ing expression  of the organohalide respira tory gene region . The two-
component  system consist s of a  protein  h ist idine kinase (SHALO_1503/SMUL_1538) 
and a  response regula tor  (SHALO_1502/SMUL_1539). Based on  it s predicted 
topology and sequence a lignments, the protein  h ist idine kinase was suggested to be 
embedded in  the membrane facing the per iplasm, being able to sense tet ra - and 
t r ich loroethene and subsequent ly phosphorylate the in t racellu la r  response regula tor . 
Accordingly, the act iva ted response regula tor  would induce t ranscr ipt ion  of the 
organohalide respirat ion  regulon  (Figure 13) (Gor is et  a l. 2014). In  both , S . 
m ultivorans (Gor is et  a l. 2015) and S . halorespirans (Publica t ion  2 (Türkowsky et  a l. 
2018a)), the response regula tor  was produced independent  of the elect ron  acceptor  
supplied to the culture and was st ill quant ifiable a fter  60 t ransfers on  a  non -
ha logenated subst ra te. Publica t ion  2 proved for  the fir st  t ime tha t  t he h ist idine 
kinase is produced with  a  similar  pa t tern , support ing the suggested model. Almost  
a ll of the remaining proteins encoded in  the organohalide respira tory gene region  of 
S ulfurospirillum  spp. were produced dur ing cult iva t ion  with tet rachloroethene; 
product ion  slowly decreased without  a  ha logenated elect ron  acceptor  in  the medium 
and ceased after  approximately 60 t ransfers (Publica t ion  2 (Türkowsky et  a l. 
2018a)). The t r igger  which  mainta ins expression  of the organohalide respira tory 
gene region  is st ill unknown. In  our  study, we found tha t  especia lly the response 
regula tor  SHALO_1503 undergoes massive acetyla t ion , especia lly dur ing shor t -term 
cult iva t ion  on  n it ra te. This might  have an  impact  on  it s conformat ion  and 
in teract ions with  DNA or  other  proteins, as was observed for  bacter ia l t ranscr ipt ion 
factors and response regula tors (Sang et  a l. 2016; Thao et  a l. 2011; Hu et  a l. 2013; 
Ren et  a l. 2016; Amin et  a l. 2016; Liarzi et  a l. 2010; Li et  a l. 2010). We hypothesize 
tha t  these changes might  play a  role in  the preserva t ion  of t ranscr ipt iona l act iva t ion 
of the organohalide respira tory gene region , a llowing product ion  of the 
tet rachloroethene respira tory machinery in  the absence of it s subst rate (Figure 13). 
In  fu ture, effor t s should be made to confirm these findings by in  vitro studies, using, 
e.g., heterologous expression  of the involved regula tory genes  (Carabet ta  and Cr istea 
2017). Our  study substant ia lly extended the ava ilable omics data  of organohalide-
respir ing bacter ia  and will help t o understand the whole picture of regula t ion  and 
induct ion  processes in  the cell. 
 




The concur rent ly assembled proteome da ta  did not  only serve for  normaliza t ion  of 
the acetylome da ta . Also, it  helped u s to circumvent  the lack of knock-out  mutants 
for  S ulfurospirillum  spp. and most  other  organohalide-respir ing bacter ia . As the 
genome of S . halorespirans, especia lly with in  the organohalide respira tory gene 
region , is only slight ly different  than that  of S . m ultivorans, any physiologica l or  
proteomic differences could give a  h in t  about  genet ic causes thereof. In  our  study, we 
found that  the tetR -like repressor  gene product  encoded in  the organohalide 
respira tory gene region  does not  play a  role in  the regula t ion  of B12-synthesis, as was 
suggested before (Gor is et  a l. 2017). The finding tha t  the peculiar  memory effect  and 
long-term downregulat ion  of the organohalide respira tory gene region  known from S . 
m ultivorans a re a lso present  in  S . halorespirans indicates that  the genet ic 
differences between both  organisms do not  play any role in  it s regula t ion . We 
suggest  tha t  more studies of th is type could give va luable informat ion  about  the 
la rgely obscure genomes of organohalide-respir ing bacter ia .  
3.3 Protein interaction analysis by thermal proteome 
profiling 
The second methodologica l advancement  in  this thesis was the extension  of mass 
spect rometry by protein stability da ta  in  the presence of a  par t icu lar  subst ra te. This 
was achieved by recording protein  melt ing curves , quant ifying the soluble fract ion  of 
the proteome at  ten  different  t emperatures (Publica t ion  3 (Türkowsky et  a l. in  
revision)). The addit ion  of a  ha logenated subst ra te sh ifted  the melt ing curves of 
proteins in teract ing with  it  towards h igher  t empera tures and thus a llowed a  
conclusion  about  the ident ity of the proteins relevant  for  metabolizing the subst ra te. 
The foundat ion  for  thermal proteome profiling was la id by Savit ski et  a l. (2014), who 
were the fir st  to combine cellu la r  thermal sh ift  assays with  mass spect romet ry. Unt il 
now, only one other  study successfu lly applied th is t echnique to bacter ia  (Peng et  a l. 
2016), and we are the fir st  to our  knowledge who conducted the technique under  
anaerobic condit ions. Fur thermore, instead of assessing stable protein -ligand 
binding, we demonst rated tha t  th is method a lso serves to prove in teract ions of 
enzymes with  a  subst ra te which  they actua lly t ransform. This was accomplished by 
severa l modificat ions of the or igina l protocol as provided by Franken et  a l. (2015). 






elect ron  donor  to block enzymat ic t ransformat ion  of the subst ra te t r ich loroethene as 
well as the exclusion  of oxygen by working in  an  anaerobic chamber  and including 
reducing agents in  a ll u t ilized buffers. We could demonst ra te tha t  with  our  modified 
thermal proteome profiling protocol we can  prove in teract ions of reduct ive 
dehalogenases with  their  specific subst ra tes. Fur thermore, our  da ta  indica te that  
even indirect  interact ion s, e.g., of a  response regula tor  which  does not  bind the 
ha logenated subst ra t e it self but  is act iva ted by a  subst ra te-binding h ist idine kinase, 
can  be detected (Publica t ion  3 (Türkowsky et  a l. in  revision)). With  th is t echnique, 
many limita t ions of standard biochemica l assays applied to organohalide-respir ing 
bacter ia  a re avoided. The method can  serve as a  fir st  h igh-throughput  screening 
approach , nar rowing down the list  of protein candida tes, with  which  subsequent  
elabora te biochemica l test s a re conducted.  
 Other potential approaches to study protein-ligand-3.3.1
interactions 
Other  widely used appr oaches to study in teract ions between proteins and small 
molecules include, e.g., a ffinity pur ifica t ion with  an  immobilized ligand to capture 
binding proteins. In  chemica l proteomics methods, the ligand is modified so tha t  it  
t ags proteins upon binding, e.g., with  a  St rep-tag, a  fluorescence-tag or  a  radiolabel, 
enabling their  isola t ion (Cui et  a l. 2017; Diether  and Sauer  2017). These techniques 
require much more effor t s than  t he protein  stability-based techniques and require 
modifica t ion  of the ligand, which  might  not  be possible in  a ll cases and may a lter  the 
binding behavior  towards the ta rget  protein . St ill, they can  be used to va lida te the 
result s obta ined by thermal proteome profiling. Addit iona lly, var iants of thermal 
proteome profiling exist , which  are based on  the same pr inciple but  do not  rely on 
stability changes towards hea t  but  towards proteolysis or  chemica l denatura t ion 
(Diether  and Sauer  2017). Their  disadvantage is tha t  they cannot  be applied to 
whole cells but  only lysa tes thereof. All these h igh -throughput  t echniques including 
thermal proteome profiling can  only serve as a  fir st  screening method to nar row 
down the list  of potent ia l in teract ing proteins, which  st ill conta ins fa lse -posit ives, as 
a lso became apparent  in  our  study (Publica t ion  3 (Türkowsky et  a l. in  revision)). 
Defin it ive proves of binding can  only be given  using pur ified proteins for  X-ray 
crysta llography, ligand-detected nuclear  magnet ic resonance spect roscopy and 
elect ron  microscopy (Cui et  a l. 2017; Diether  and Sauer  2017; Bommer  et  a l. 2014). 
 




But  a lso na t ive, ion  mobility- and hydrogen-deuter ium exchange-mass spect rometry 
can  be used to separa te and classify different  ligand binding-induced conformat ional 
sta tes (Bever idge et  a l. 2016; Hopper  and Oldham 2009; Young et  a l. 2014). Protein 
pur ifica t ions a re, however , cha llenging to conduct  in  organohalide-respir ing bacter ia , 
as they require a  h igh concent ra t ion  of pur ified proteins, and therefore have only 
succeeded in  a  few instances (Richardson 2013). Fur thermore, modeling approaches 
taking in to account  protein  and metabolite concent ra t ions and possibly flux data  can 
genera te hypotheses about  protein -ligand in teract ions (Ahsanul Islam et  a l. 2016; 
Ahsanul Islam et  a l. 2010). These, however , should be based on  an  extensive da taset  
of growth condit ions (Diether  and Sauer  2017). Similar  t echniques can  a lso be 
applied to the study of protein -protein  in teract ions, including affin ity pur ificat ion , 
yeast  two-hybr ids, sur face plasmon resonan ce, circu lar  dichroism or  fluorescence 
resonance energy t ransfer . However , many of them suffer  either  from low 
throughput , h igh  effor t s, in t roduced biases or  cannot  be conducted in  na t ive 
environments (Syafr izayant i et  a l. 2014).  
In  th is thesis, apar t  from thermal proteome profiling, another  method  was employed 
tha t  can serve both , ana lysis of protein -protein and protein -subst ra te in teract ions. In  
cont rast  to many of the techniques above, it  can  be applied on  a  proteome-wide sca le 
without  rest r ict ion  to a  few proteins. In  a  coopera t ion  study, an  opt imized na t ive 
PAGE assay combined with  act ivity assays and MS  served to resolve a  
dehalogenat ing and hydrogenat ing complex (Publica t ion 4 (Hartwig et  a l. 2017)). We 
therefore concluded the organohalide respirat ion  complex to be composed of the 
reduct ive dehalogenases CbrA and CbdbA80, and the iron-sulfur  molybdoenzyme 
OmeA (former ly annota ted as a  formate dehydrogenase, CbdbA195) and the 
hydrogenase subunit  HupL on the elect ron-donat ing side. 
 Potential of using thermal proteome profiling for 3.3.2
organohalide-respiring bacteria 
Using our  modified thermal proteome profiling protocol, we succeeded in  confirming 
the in teract ion  of the reduct ive dehalogenase PceA with  one of it s subst ra tes. 
Fur thermore, even  the proposed indirect  link of t r ich loroethene and the putat ive 
response regula tor  SMUL_1539 could be suppor t ed with  th is method (Figure 13, p. 






opens up a  huge potent ia l for  being applied to organohalide-respir ing bacter ia  with 
unknown subst ra te spect rum, which  is one of the most  puzzling aspect s of research  
on  these organisms, especia lly for  one of the most  relevant  organisms for  
bioremedia t ion , D. m ccartyi. The difficu lt ies when working with  organohalide-
respir ing bacter ia  have delayed research  on  RDases. Regarding the vast  amount  of 
rdhA  genes ident ified (1180 unique prokaryot ic reduct ive dehalogenase genes > 300 
amino acids according to the Ident ica l Protein  Gr oups  resource of NCBI, Apr il 
2018), very few RDases have been  pur ified and biochemica lly character ized, so that  
it  was possible to draw conclusions about  their  subst ra te range (J ugder  et  a l. 2016b). 
These include mainly RDases of Desulfitobacterium  spp. (van de Pas et  a l. 2001; van 
de Pas et  a l. 1999; Boyer  et  a l. 2003; Thibodeau et  a l. 2004; Suyama et  a l. 2002), but  
a lso of Dehalobacter restrictus (Schumacher  et  a l. 1997), Flavobacterium  sp. (Xun et  
a l. 1992), Desulfom onile tied jei  DCB-1 (Ni et  a l. 1995), PceA of S . m ultivorans 
(Neumann et  a l. 1996), PceA and TceA of D. m ccartyi 195 (Magnuson et  a l. 1998) 
and VcrA of D. m ccartyi VS (Müller  et  a l. 2004). Heterologous expression  was 
accomplished in  a  few cases but  is st ill very cumbersome (Mac Nelly et  a l. 2014; 
Par thasara thy et  a l. 2015; Payne et  a l. 2014). Most  reduct ive dehalogenases 
however , have been  ascr ibed a  subst ra te range based on  t ranscr ipt ion , 
t ranscr iptomic and proteomic studies compar ing different  subst ra tes in  growth 
medium or  different  stages of dechlor ina t ion  (Pör itz et  a l. 2015; Wagner  et  a l. 2009; 
J ugder  et  a l. 2016a; Wang et  a l. 2014; West  et  a l. 2013). These type of studies 
indica ted tha t  D. m ccartyi produces mult iple RDases when exposed to a  single 
ha logenated subst ra te. The set s of expressed rdhA  genes over lapped between 
different  subst ra tes and their  number  did not  cor relate with  the number  of possible 
dehalogenated in termedia tes (Figure 11, p. 91). Therefore, it  was quite difficult  to 
deduce par t icu lar  subst ra te ranges (Holmes et  a l. 2006; Waller  et  a l. 2005) 
(Publica t ion  1 (Türkowsky et  a l. 2018b)). Fur thermore, it  was shown tha t  the 
reduct ive dehalogenase sequence does not  cor rela te with  it s subst ra te spect rum and 
thus cannot  be used to infer  subst ra te specificit ies from character ized to unknown 
reduct ive dehalogenases (Hug et  a l. 2013). Nat ive PAGE in combinat ion  with 
act ivity test s and mass spect rometry is a  promising technique and provided some 
successes (Tang et  a l. 2013; Tang and Edwards 2013; Chow et  a l. 2010; Adr ian  et  a l. 
2007b) but  a lso has some limit s. Using a  fur ther  developed protocol and more 
sensit ive mass spect rometers (Kublik et  a l. 2016) (Publica t ion  4 (Har twig et  a l. 
2017)) a llowed to ident ify individual components of the respiratory machinery. 
 




Thereby, it  became clear  tha t  the two reduct ive dehalogenases CbrA and CbdbA80 
could not  be separated with  th is t echnique, making a  dist inct  examinat ion  of 
subst ra te specificity impossible. With  our  thermal proteome profiling protocol, these 
problems can  be overcome, as the in t eract ions of different  proteins can  be assessed 
separa tely. A complex compr ising severa l proteins can  be disin tegra ted by , e.g., 
using increasing concent ra t ions of detergents (Kublik et  a l. 2016), which  would a lso 
be compat ible with  thermal proteome profiling (Reinhard et  a l. 2015). The effect  of 
subst ra te incubat ion  can  then  be quant ified via  mass spect romet ry. This a llows 
hundreds of proteins to be ana lyzed in  para llel and different  reduct ive dehalogenases  
to be different iated, as was demonst ra ted in  former  studies (Schiffmann et  a l. 2014b; 
Lechner  et  a l. in  revision) (Publicat ion  1 (Türkowsky et  a l. 2018b)). Addit iona lly, in  
cont rast  to the out lined methods, thermal proteome profiling offers the advant age of 
being a lso applicable to whole cells, enabling in  vivo examinat ion  of subst ra te 
specificity.  
Thermal proteome profiling is not  only su itable for  elucidat ing the in teract ions of 
reduct ive dehalogenases with  their  specific ha logenated subst ra tes but  a lso of 
specific regula tors involved in  sensing the subst ra te and t ransmit t ing the signal to 
gene expression . There has not  been  any biochemica l proof for  the hypothesized 
involvement  of the two-component  system in  regula t ing organohalide respira t ion  in 
S . m ultivorans (F igure 13, p. 95). Apart  from mere expression  studies (Gor is et  a l. 
2015) (Publicat ion  2 (Türkowsky et  a l. 2018a)), our  result s offer  the fir st  indica t ions 
about  the indirect  in teract ion  of the puta t ive response regula tor  SMUL_1539 with  a  
ha logenated compound. Also in  other  organohalide-respir ing bacter ia , regula t ion 
processes a re most ly unknown (Kruse et  a l. 2016; Richardson 2013) (Publica t ion  1 
(Türkowsky et  a l. 2018b)), aga in  st ressing the relevance of th is novel t echnique for  
research  on  these organisms.  
3.4 Conclusions and future perspectives 
Regarding the broad dist r ibut ion  of toxic ha logenated organic compounds in  our  
environment , there is a  grea t  need to understand th e processes under lying their  
microbia l degradat ion . However , r esearch  with  organisms capable of reduct ively 






growth  yields, their  genet ic inaccessibility and the difficu lt ies in  p ur ifying their  key 
enzymes, the reduct ive dehalogenases.  
In  th is work, the toolbox for  ana lyzing the physiology of these bacter ia  was 
substant ia lly enlarged by an  improved protocol for  the isolat ion  of membrane 
proteins, the enr ichment  of acetyla ted pept ides and the applica t ion  of thermal 
proteome profiling to anaerobic bacter ia l enzymes. These approaches enabled the 
ana lysis of post -t ransla t iona l modifica t ions, protein-protein  and protein -subst ra te 
in teract ions in  organohalide-respir ing bacter ia . Consequent ly, we accomplished to 
quant ify the protein  h ist idine kinase of the two-component  regula tory system and 
the complete puta t ive quinol dehydrogenase complex of S u lfurospirillum  sp., 
suppor t ing their  proposed roles in  the elect ron  t ranspor t  cha in . Our  da ta  
fur thermore indica te tha t  protein  lysine acetyla t ions might  play a  role in  the 
permanent  act iva t ion  of the response regulator  of the t wo-component  regula tory 
system, cont rolling the unusual long-term downregula t ion  of expression  of the 
organohalide respiratory gene region  in  S ulfurospirillum  sp. A thermal proteome 
profiling approach  confirmed the in teract ion  of the two-component  regula tory system 
with  ha logenated subst ra tes. Also in  D. m ccartyi, a  more deta iled picture of the 
respira tory complex was obta ined by fur ther  development  of the nat ive PAGE-MS 
assay.  
St ill, many open research  quest ion s remain  and need to be addressed in  subsequent  
studies. The exact  role of protein  lysine acetylat ions dur ing the long-term regula t ion 
of the organohalide respira tory gene region  needs to be va lida ted biochemica lly and 
mechanist ica lly studied in  more deta il. Fur thermore, the su itability of thermal 
proteome profiling for  elucida t ing RDase subst ra te specificity was demonst ra ted in  a  
proof-of-concept  exper iment  but  has the potent ia l to be applied to organisms 
harbor ing severa l reduct ive dehalogenases such  as Desulfitobacterium  sp. or  D. 
m ccartyi.  
Genomics, t ranscr iptomics, and proteomics  uncovered some of the black boxes in  the 
physiology of organohalide-respir ing bacter ia  in  the past . Despite the methodological 
advances of h igh-resolut ion  mass spect rometers, par t s of the proteome st ill cannot  be 
detected, which  can par t ia lly be compensa ted by the combinat ion  with 
t ranscr iptomics. In  the fu ture, more advanced techniques such  as da ta -independent  
acquisit ion  (DIA) and the use of spect ra l librar ies will cont r ibute to overcoming the 
 




difficu lt ies a r ising from the low biomass obta ined from the cu ltures of many 
organohalide-respir ing bacter ia  like D. m ccartyi.  
However , knowledge advances do not  only depend on  novel wet -lab techniques but  
a lso the in tegrat ion  of a lready ava ilable da ta  and their  refined bioinformat ic 
ana lysis. In  th is work, not  only new data  were acquired, but  a lso a ll published omics 
da ta  were in tegrated. This meta -analysis approach  led to new insights in to the 
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Figu re  5.1 . Supplementary F igure S1. P rotein -subst ra te in teract ions of proteins encoded in  
the organohalide-respira tory core region . The melt ing curve of PceA shows a  sign ifican t  T m 
sh ift  towards h igher  tempera tures upon  t rea tment  with  t r ich loroethene (TCE); TCE did not  
sign ifican t ly sh ift  the remain ing melt ing curves. Y-axes give log2 fold changes of the non -
denatured proteins rela t ive to 43°C. Er ror  bars indica te standard er ror  of n  = 3 a t  ten 
differen t  tempera ture poin ts. A sign ifican t  melt ing curve sh ift  (adj. p < 0.01) is represen ted 







Figu re  5.2 . Supplementary F igure S2. Melt ing tempera ture of S . m ultivorans proteins 




















Figu re  5.3 . Supplementary F igure S3. Bioinformat ica l processing of the MS spect rum files to 
yield protein  fold changes and fina lly sigmoidal melt ing curves. The en t ire workflow is 
divided in to ana lyza t ion  steps conducted manually or  with  R (gray box). raw file, raw da ta  








Figu re  5. 4. Supplementary F igure S4. (A) Western  blot  and immunosta in ing of the 
reduct ive dehalogenase PceA in  the soluble protein  fract ion  after  subst ra te and tempera ture 
incubat ion  and u lt r acen t r ifugal removal of the denatured fract ion . The upper  blot  shows the 
protein  samples incubated with  TCE, the lower  blot  the EtOH -control (B) Th e PceA melt ing 
curves based on  the log2 immuno-sta ined band in tensity va lues a fter  incubat ion  with  
t r ich loroethene (TCE) or  ethanol as a  con t rol. The melt ing curve shows a  Tm sh ift  towards 
h igher  tempera tures upon TCE t rea tment . 
 
